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Chapter 1 General Introduction
1.1 Introduction
Communication is an essential part of human behaviour. In modern society, spoken 
language is the most important form of communication. The development of speech and 
language in children is a continuous process, in which the first years of life are of the 
greatest essence (Hurford, 1991; Jackendorff, 1993; Lenneberg, 1967). Normal function 
of the auditory sensory organs and the central auditory pathways is a prerequisite for 
the normal development of speech and language in children. Auditory speech 
processing is a complex process that shows considerable development and change 
during childhood (Cunningham et al., 2000; Ponton et al., 1996; Werner, 1996). 
Humans, like most mammals, seem to be able to ‘tune in’ to the sounds produced by 
other members of their species (Aitchison, 1996). There is evidence to suggest that 
newborns can, within the first days of life, recognize the human voice (Mehler et al., 
1988) and one to four months old babies have been shown to be able to hear the 
difference between several consonants, a phenomenon called categorical speech 
perception (Eimas, 1985). By the age of four years, a typical child can produce long and 
complex sentences, speak clearly and intelligibly, and understand a vocabulary of 
thousands of words (Bishop and Leonard, 2000). This indicates that the process of 
speech perception is already well-developed during early childhood.
How is it that apparently this remarkable feat is accomplished so easily? After decades 
of research into this field, the question remains essentially unanswered. In the process 
of speech processing, several levels can be distinguished, namely acoustic, phonetic, 
phonological, syntactic and semantic levels (Kuhl, 1982). It has become clear over the 
years that these different levels are by no means independent serial stages in the 
processing of speech. Rather, all levels of speech processing come into play in a partly 
serial, partly parallel fashion when an utterance is analysed. Below, we focus on the 
first three stages, as we consider speech perception to be the process in which listeners 
map the continuous signal of speech into discrete prelexical linguistic representations 
(Miller and Eimas, 1995). We believe that the syntactic and semantic level represent the 
linguistic analysis of speech.
In speech perception, the distinctive spectrotemporal characteristics of the acoustic 
speech signal are used by the listener to distinguish various speech sounds (Koch et al.,
1999). Firstly, the peripheral ear works as a frequency analyser and this is followed by a 
second, neural, stage in which the spectral components originally belonging to the same 
sound are reunited into a single percept (Plomp, 2002). Next, phonological coding 
involves segmenting the incoming and continuous auditory patterns into meaningful 
parts. This is not an easy task, since speech is not a simple succession of sounds, as can 
be seen in writing (Liberman et al., 1967). Instead, speech sounds run in parallel, 
overlapping in time, because the speech production organ starts articulating one sound 
while finishing the previous one (Lenneberg, 1967). Owing to these coarticulations, 
humans are able to produce more than 25 sounds per second. The price to be paid is that 
the markers for a particular speech sound are influenced by the context in which the 
sound is produced (Miller and Eimas, 1995), e.g. the acoustic properties of the sound 
/p/ in the word /pet/ differ from the ones in the word /lap/. Furthermore, there is wide 
variation due to talker-specific factors, such as gender, individual voice characteristics, 
speech rate, dialect, etc.. When we learn the phonological system of a particular 
language, we learn to pay attention to acoustic differences that affect the meaning of
10
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words, and to ignore acoustic differences that do not (Gerrits, 2001; Kuhl et al., 1992). 
Gerrits has shown that children integrate acoustic cues in a similar way to adults, but 
that they assign different weights to these cues. As children grow older and gain 
experience with the native language, their weighting of cues gradually shifts towards 
adult-like weighting (Gerrits, 2001).
But what if the development of speech and language in a child is not the rapid and 
robust process observed in most children, and the communicative development does not 
proceed in such a straightforward fashion? If a child has persistent difficulties, a search 
for possible explanations for the delayed speech and/or language development begins. 
During the past decade the subject of (central) auditory processing disorders has 
received a growing amount of interest in this search (Bellis and Ferre, 1999; Jerger, 
1998; Jerger and Musiek, 2000; Musiek and Chermak, 1994), because of the possible 
link between auditory processing disorders and learning disabilities in general and 
language impairment in particular (Bishop et al., 1999; Kraus et al., 1996; Sussman, 
1993; Tallal et al., 1993; Tallal, 2000).
In the next paragraph, we will first define what an auditory processing disorder or APD 
is and then describe possible relations between hearing impairment and APDs and 
language impairment and APDs.
1.2 Auditory Processing Disorders (APDs)
1.2.1 What is an APD?
An auditory processing disorder (APD) is generally defined as a deficit in the 
processing of sound patterns that cannot be explained by peripheral hearing loss 
(Groenen, 1997; Jerger, 1998). If a more restrictive definition of an APD is to be used, 
auditory neuropathy (Sinninger, 2002; Starr et al., 1996), Attention Deficit 
Hyperactivity Disorder (ADHD) (Bellis and Ferre, 1999; Chermak et al., 1999), mental 
retardation (American Psychiatric Association, 1994) or a generalized processing 
disorder (McFarland and Cacace, 1997) have to be ruled out too.
In order to describe an APD more precisely, we first need to have a clear-cut definition 
of auditory processing. An operational definition of auditory processes has recently 
been given by an American Speech-Language-Hearing Association Task Force on 
central auditory processing disorders, which defined auditory processes as the auditory 
system mechanisms and processes responsible for the following behavioural 
phenomena (ASHA, 1996):
• sound localization and lateralization
• auditory discrimination
• auditory pattern recognition
• temporal aspects of audition, including temporal resolution, temporal masking, 
temporal integration, temporal ordering
• auditory performance decrements with competing acoustic signals
• auditory performance decrements with degraded acoustic signals
11
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An APD could then be defined as an observed deficiency in one or more of the above­
listed behaviours (ASHA, 1996). In the report from the consensus conference on the 
diagnosis of auditory processing disorders in school-age children, Jerger and Musiek 
stated that an auditory processing disorder (APD) may be broadly defined as a deficit in 
the processing of information that is specific to the auditory modality. It may be 
associated with difficulties in listening, speech understanding, language development 
and learning (Jerger and Musiek, 2000). In their 1980 paper, Musiek and Geurkink 
stated that in their experience, children with five or more positive responses to the 
following 9 questions show poor performance on a central auditory test battery (Musiek 
and Geurkink, 1980) and are thus suspected of having an auditory processing disorder:
1. Does the child seem inattentive?
2. Does the child behave as though he has hearing loss?
3. Does the child have considerable difficulty hearing in noise?
4. Does the child confuse verbal directions?
5. Are there signs of reversals in reading, writing or repeating verbal information?
6. Does the child frequently ask if a verbal message could be repeated?
7. Does the child have (unexpected) educational problems?
8. Does the child show hyper- or hypoactive behaviour?
9. Are the fine motor skills age-appropriate?
Jerger and Musiek (2000) agree with this behavioural ‘checklist’ in that they too draw 
attention to the fact that children with an APD appear to have hearing problems, are 
easily distracted by background noise, have difficulty in following oral instructions and 
have difficulty understanding rapid or degraded speech. According to these authors, 
‘there is mounting evidence that in spite of normal hearing sensitivity, a fundamental 
deficit in the processing of auditory information may underlie problems in 
understanding speech in the presence of background noise, in understanding degraded 
speech, in following spoken instructions, or in discriminating and identifying speech 
sounds’ (Jerger and Musiek, 2000). They stressed that the major challenge to the 
audiologist is the accurate diagnosis of an APD, because other types of childhood 
disorder (e.g. ADHD, autistic spectrum disorders, reduced intellectual functioning) may 
exhibit similar behaviours and some of the audiological procedures presently used to 
evaluate children suspected of having an APD fail to differentiate them adequately from 
children with such extra-auditory problems. Furthermore, they argued that in assessing 
children suspected of having an APD, one is likely to encounter other processes and 
functions (such as lack of motivation, lack of sustained attention) that can confound the 
interpretation of test results (Jerger and Musiek, 2000). These considerations emphasize 
that a multidisciplinary approach to APDs is essential if an accurate diagnosis is to be 
made (ASHA, 1996; Chermak et al., 1999; Dempsey, 1983).
Maybe we should agree with Dempsey that the diagnosis of an APD is still not easy to 
make and that it might be better to describe strong and weak points in the auditory 
behaviour of a child rather than just affixing the label ‘APD’ (Dempsey, 1983).
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1.2.2 Hearing impairment and APDs
It is believed that some perceptual abilities are innate and others develop later. The 
basic argument that (auditory) deprivation should have no effect on innate abilities is 
too simplistic, because perceptual abilities may be present at birth, but deteriorate due to 
a lack of crucial environmental stimulation at a critical early developmental period 
(Rookes and Willson, 2000). With this in mind, it is obvious that auditory deprivation 
due to peripheral hearing loss may have deleterious effects on auditory processing, all 
this depending on the nature and severity of the hearing loss. In general, conductive 
hearing loss, caused by a transmission problem in the outer and/or middle ear, will have 
a less pronounced effect on auditory processing than sensorineural hearing loss. Below, 
short reviews of the effects of otitis media with effusion and of sensorineural hearing 
loss on auditory processing are presented.
1.2.2.1 Otitis media with effusion (OME) and APDs
Otitis media with effusion (OME) is one of the most common childhood diseases. The 
term OME refers to inflammation of the middle ear accompanied by the accumulation 
of fluid in the middle ear, without the signs and symptoms of acute infection (Senturia 
et al., 1980). The presence of fluid in the middle ear causes conductive hearing loss of 
approximately 20 dB (Chalmers et al., 1989; Schilder et al., 1993), which could lead to 
partial auditory deprivation. Evidence from animal studies suggests that auditory 
deprivation leads to degeneration or atrophy of nuclei in the auditory pathways 
(Webster, 1983), which in turn would affect auditory processing permanently. 
Consequently, in young children, long term conductive hearing loss could lead to 
prolonged auditory processing disorders (Brandes and Ehinger, 1981; Clarkson et al., 
1989; Gravel and Wallace, 1992; Mody et al., 1999; Schilder et al., 1994; Welsh et al., 
1983), although in general, effects of early OME on auditory processing have been found 
to a lesser degree in the long-term (Hoffman-Lawless et al., 1981; Jerger et al., 1983; 
Schilder et al., 1994). This would suggest that there is gradual recovery of auditory 
processing capabilities after the OME episodes (and the associated hearing loss) have been 
resolved.
In children with OME, it could also be speculated that auditory deprivation would only 
be serious enough to affect the development of auditory processing in the case of 
prolonged, moderate conductive hearing loss. If the hearing loss were only mild and the 
periods of impaired hearing relatively short, the developing auditory system might be 
resilient enough to deal with these periods of partial auditory deprivation, so the effects 
of OME on language and educational skills would be transitory. This hypothesis is 
supported by the relationship between early OME and language skills in children of up to 
4 years of age (Gravel and Wallace, 1992; Rach et al., 1988) together with the minimal or 
even absent influence of OME on language ability and academic achievement at age 
seven, as was found by Grievink and Peters (1997) as part of the Nijmegen Otitis Media 
Study, a large prospective study on OME.
In conclusion, the long-term effects of (early) OME on auditory processing (and 
language ability) are at best debatable. However, it is possible that subtle auditory 
processing disorders remain present in children with a history of chronic otitis media.
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An interesting group of children to investigate would be a group of children with 
asymmetrical OME. In these children, the possible effects of OME on binaural hearing may 
be substantial, because several studies have suggested that it is not the hearing loss per se 
that is associated with OME, but rather the asymmetry in hearing between the two ears that 
may disrupt binaural hearing (Pillsbury et al., 1991; Moore et al., 1991).
1.2.2.2 Sensorineural hearing loss and APDs
With sensorineural hearing loss a completely different picture emerges. Sensorineural 
hearing loss does not simply result in attenuation of all sounds that enter the ear, but 
also in ‘distortion’ of these sounds (Plomp, 1986). This distortion is caused by 
suprathreshold deficits, such as reduced temporal resolution, reduced frequency 
discrimination and reduced spectral resolution of the auditory system (Noordhoek,
2000). Festen and Plomp have shown that, in subjects with moderate sensorineural 
hearing loss, there is a significant correlation between frequency resolution and speech 
perception in noise (Festen and Plomp, 1983). The presence of a distortion component 
in Plomp’s signal-to-noise ratio model for the speech-reception threshold (Plomp, 1986) 
is especially evident from the clinical observation that understanding speech in noise 
(and/or in reverberating conditions) is the major problem for people with sensorineural 
hearing loss.
If a child has congenital sensorineural hearing loss, it is reasonable to assume that the 
poorer neural representation of sounds will tax the central auditory nervous system and 
probably lead to serious problems in the maturation of the auditory pathways and hence 
the development of auditory processing abilities, especially in the case of severe or 
profound hearing loss. Evidence to support this was found in a recent study, in which 
Ponton and Eggermont have shown that cortical auditory evoked potentials of cochlear 
implant users remained very different from those of their peers with normal hearing, 
even after many years of implant use. This suggests substantial immaturity in cortical 
activation after a period of profound hearing loss (Ponton and Eggermont, 2001). On 
the other hand, data from Yoshinaga-Itano et al. suggest that the detrimental effects of 
sensorineural hearing loss on speech perception and consequently language 
development may possibly be countered by early intervention services, before the age 
of 6 months (Yoshinaga-Itano et al., 1998).
In a recent review of treatment efficacy in children with hearing loss, Carney and 
Moeller have pointed out that hearing loss in children can have a variety of 
consequences, many of which are specific disorders of communication (Carney and 
Moeller, 1998). Children whose hearing loss ranged from moderate to profound 
consistently showed significantly reduced ability to discriminate and label speech 
sounds (Boothroyd, 1984; Erber, 1972; Jerger et al., 1993). These auditory (speech) 
processing disorders most likely have a direct effect on language development in 
children with sensorineural hearing loss. This has been indicated by numerous studies 
in which language development was found to be delayed in hearing-impaired children: 
greater delays were associated with greater hearing loss (Borg et al., 2002; Matkin,
1984; Moeller and Carney, 1993).
In conclusion, depending on its nature and severity, sensorineural hearing loss in a child 
is likely to affect (the development of) speech perception. It is reasonable to assume
14
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that speech perception in difficult conditions will be most affected.
1.2.3 Language impairment and APDs
Impairments in language and speech are commonly found in young children. Estimates 
of the prevalence range from 1 to 15%, depending on the severity of the delay in 
language development (Beitchman et al., 1986; Silva, 1987). The diagnosis of a specific 
language impairment (SLI) is made largely by exclusion (i.e. no hearing loss, mental 
retardation, or psychiatric disorder) and it is widely recognized that there is 
considerable heterogeneity among SLI children (Bishop, 1992).
One of several possible causes of an SLI is a disorder in auditory perception (Bishop, 
1992; Lubert, 1981; Tallal et al., 1993; Tallal, 2000). Based on a literature review, 
Lubert suggested that the underlying deficit in childhood language disorders is a 
perceptual one, rather than a higher-order cognitive or linguistic deficit. In several 
studies, children with language disorders were found to have difficulty making 
perceptual judgements of the order of rapid sequences of brief sounds, which would 
imply a deficiency in detecting acoustic features in the speech wave that normally cue 
certain phonemes (Lubert, 1981).
Especially the work of Tallal and co-workers has been instrumental in showing that a 
basic temporal processing deficit in language-impaired children may underlie their 
inability to integrate sensory information that converges in rapid succession in the 
central nervous system (Tallal and Piercy, 1973a,b; Tallal and Stark, 1981; Tallal et al., 
1993). They suggested that this inability could be linked to phonological processing 
deficits, which could result in subsequent language and reading problems. This line of 
reasoning would suggest that SLI children with phonological disorders also show signs 
of this auditory perceptual deficit. Evidence was found by Frumkin and Rapin, who 
divided a group of SLI children into two groups with and without phonological 
disorders. They found that children with phonological disorders had the characteristic 
deficit described by Tallal, Piercy and Stark (Tallal and Piercy, 1975; Tallal and Stark, 
1981), i.e. adequate discrimination of steady-state vowels, but very poor performance 
with consonants, whereas the children without phonological disorders performed well 
(Frumkin and Rapin, 1980).
In contrast to the Frumkin and Rapin study, Nittrouer did not find any evidence to 
support the hypothesis that temporal processing deficits cause phonological processing 
problems (Nittrouer, 1999). Eight- to ten-year-old children with poor reading scores 
demonstrated poor abilities on tests of phonological awareness, but had no special 
difficulty recalling rapidly presented nonspeech stimuli. They were also able to use 
brief and transitional signal properties, including formant transitions, in their phonetic 
decisions at least equally as well as other children with normal reading scores. In a 
recent twin study, Bishop et al. have shown that a group of language-impaired children 
obtained poorer results on Tallal’s auditory repetition test than a group of age-matched 
control children (Bishop et al., 1999). Shared environment had more influence on 
auditory processing problems than genetic factors, whereas a test for phonological 
short-term memory, the Children’s Nonword Repetition Test (Gathercole et al., 1994), 
gave high estimates of group heritability. These results suggest different origins of 
auditory and phonological processing problems in language-impaired children. In 
general, the phonological test was a better predictor of low language test scores than the
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auditory repetition test, but the auditory repetition test did make a significant 
independent contribution to the variance explained in a test on grammatical 
understanding (Bishop et al., 1999).
To conclude, there remains some controversy about the importance of temporal 
processing disorders in language-impaired children. On the basis of the heterogeneity 
among SLI children and the prevalence estimates alone, it is clear that not all SLI 
children have a (severe) APD. The prevalence of auditory processing disorders is 
estimated to be 2-3%, with a 2:1 ratio between boys and girls (Chermak and Musiek, 
1997), which is much lower than reported prevalence estimates for language 
impairments. Furthermore, the co-existence of auditory processing problems and 
language impairment need not imply a causal relationship. On the other hand, we agree 
with Bernstein and Stark that language disabilities may result when inadequate 
processing of sensory information occurs during early childhood although the original 
processing deficit may disappear as the children grow older (Bernstein and Stark,
1985).
From the above we can ascertain that children with (temporary or permanent) hearing 
loss and children with language impairment are likely to have auditory processing 
problems. But how do we diagnose an APD? One way would be to measure auditory 
abilities. In order to map auditory abilities in children, a battery of auditory tests is 
needed. In the next section, we briefly describe experience with central auditory 
assessment over the past five decades.
1.2.4 A short history o f  central auditory assessment
More than half a century ago, the first experiments with “cortical” hearing tests were 
performed on adults with confirmed neurological lesions (Bocca et al., 1954; Bocca, 
1958; Calearo and Antonelli; 1963). Later these were followed by studies on children 
with suspected auditory dysfunction (Musiek and Geurkink, 1980; for a review see 
Musiek and Baran, 1987). It is important to mention that to date, only one study on 
auditory processing (disorders) has been performed in which children with confirmed 
lesions in areas of the brain important to auditory function were compared to children 
with suspected auditory processing disorders (Jerger et al., 1988). The authors found 
that the children with suspected (auditory) processing disorders displayed similar result 
patterns to those in the children with confirmed temporal lobe lesions, which suggests a 
more auditory than linguistic basis for APDs. The lack of more studies on auditory 
processing in children with confirmed lesions is unfortunate, because we agree with 
Musiek that ‘the issue of the validity of central auditory test batteries is an important 
and complex one. There is no true ‘gold standard’ to which one can compare test 
results. Probably the closest standard is individuals with well-defined lesions of the 
central auditory nervous system.’ (Musiek, 1999).
1.2.5 Recommended test battery for diagnosing APDs in children
The value of assessing auditory processing with a test battery approach has repeatedly 
been acknowledged, because of the inherent heterogeneity of the population presenting 
with auditory processing problems (Bellis and Ferre, 1999; Jerger and Musiek, 2000;
16
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Musiek and Chermak, 1994). Over the past 25 years, several test batteries have been 
proposed to aid in the diagnosis of auditory processing disorders in children (Domitz 
and Schow, 2000; Jerger and Musiek, 2000; Keith, 1986; Keith, 2000; Musiek and 
Baran, 1987; Musiek and Chermak, 1994; Schilder et al., 1994; Singer et al., 1998; 
Willeford, 1977). Musiek and Chermak (1994) argued that a test battery should be 
comprehensive and include dichotic and temporal processing tasks, an auditory closure 
task and an auditory foreground-background test. They further recommended that the 
tests should be easy to administer, there should be age-appropriate norms and the tests 
should have good test-retest reliability (especially when the same test is used as a 
baseline measure and after intervention). In their opinion, results obtained from 
preschool children will probably not be as valid or definitive as those obtained from 
school-age children. Jerger stressed that we should try to compare left and right ear 
performance, and monaural and binaural performance, since this is one of the surest 
ways to distinguish auditory processing problems from more general processing 
problems (Jerger, 1998). Recently, in the report from the consensus conference on the 
diagnosis of auditory processing disorders in school-age children, Jerger and Musiek 
have recommended the following minimum test battery for the diagnosis of APDs in 
school-age children: pure-tone audiometry, performance-intensity functions for word 
recognition, a dichotic task, frequency or duration pattern sequence test, temporal gap 
detection, immittance audiometry, otoacoustic emissions, auditory brainstem response 
and middle latency response (Jerger and Musiek, 2000). On the basis of a recent survey 
of common practices among 53 audiologists, Emanuel concluded that ‘the typical AP 
(auditory processing) test battery consists of dichotic speech tests, monaural low- 
redundancy speech tests, and questionnaires’. The AP test batteries appeared to be 
based on available AP tests with well-documented normative data (Emanuel, 2002). 
None of the respondents to the survey listed all of the tests suggested in the APD 
consensus statement minimum test protocol (Jerger and Musiek, 2000).
Most of the above-mentioned test batteries contain monaural low-redundancy speech 
tests, tests of binaural function, temporal ordering tasks and/or pattern perception tests. 
Below, the rationale is given for including these different types of test in a test battery.
Monaural low-redundancy speech tests
Speech processing problems will become (more) evident when the need for ‘top-down’ 
processing increases due to a reduction in information in the speech signal (e.g. by 
lowering the signal-to-noise ratio, or filtering parts of the speech signal) or by flooding 
the auditory system (e.g. in the case of time-compressed speech). When the sensory 
input is rich in detail, we are able to recognise features out of context (by using 
‘bottom-up’ processing), but when the sensory input has less redundancy, the 
contribution of ‘top-down’ processing to the recognition and interpretation process 
increases (Rookes and Willson, 2000). Such low-redundancy speech tests, including 
low-pass filtered speech tests (Bornstein et al., 1994; Lynn and Gilroy, 1977), 
interrupted speech tests (Bocca, 1958; Calearo and Antonelli, 1963; Korsan-Bengsten, 
1973), time-compressed speech tests (Beasley and Maki, 1976; Bornstein and Musiek, 
1992; Korsan-Bengsten, 1973; Kurdziel et al., 1976), and speech-in-noise tests 
(Bornstein and Musiek, 1992; Elliott, 1979; Olsen et al., 1975, Jerger and Jerger, 1982) 
require auditory closure and phoneme/word recognition skills in order to produce an
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appropriate response (Chermak and Musiek, 1997).
Subjects with lesions in the temporal lobe generally show contralateral deficits on these 
tests, while the strongest effects are seen in subjects with lesions in the primary auditory 
cortex. In the case of diffuse lesions, performance is generally reduced in both ears, or 
it is essentially normal. Musiek (1999) prefers time-compressed speech in a paediatric 
population, because of the high sensitivity and evidence that it can help to diagnose 
children with learning disabilities who are suspected of having auditory processing 
problems (Bornstein and Musiek, 1992).
Tests o f  binaural function
The binaural fusion test is believed to test brainstem integrity. One part of the speech 
signal is presented to one ear and another part to the other ear (Bornstein et al., 1994; 
Matzker, 1959; Smith and Resnick, 1972). Subjects with confirmed cerebral lesions do 
not show any clear evidence of binaural fusion difficulties, whereas subjects with 
brainstem lesions often do. Dichotic speech tests, such as the dichotic digits test 
(Kimura, 1961), the staggered spondaic words test (Katz, 1962) and the synthetic 
sentence index test (Jerger and Jerger, 1974; Jerger and Jerger, 1975) work on the 
assumption that contralateral pathways are more numerous and/or stronger than 
ipsilateral pathways. Monaural input to the auditory system might not pose a problem, 
but with dichotic stimulus presentation, the stronger contralateral pathways might take 
precedence over the weaker ipsilateral ones. There may even be suppression of the 
ipsilateral pathways under dichotic conditions. All subjects with confirmed cerebral 
lesions have contralateral deficits. When the left hemisphere is affected, there is (also) 
an ipsilateral deficit in the left ear (Kimura, 1961), because in most people, the left 
hemisphere is dominant for speech (Kandel, Schwartz and Jessell, 1991; Rasmussen 
and Milner, 1977). Musiek has indicated that the dichotic digits test has good 
sensitivity, is highly resistant to mild and moderate cochlear high frequency hearing 
loss and has a very reasonable test-retest reliability in subjects with relatively stable 
central auditory nervous system lesions (Musiek et al., 1991).
Temporal ordering task and pattern perception tests
In the speech perception process, temporal ordering is of the utmost importance. As we 
have mentioned above, the phonological coding of speech involves segmentation of the 
incoming and continuous auditory patterns into meaningful parts. If the auditory system 
is unable to retain these meaningful parts in the correct sequential order until further 
(linguistic) processing has been completed, then this reflects severe impairment of the 
speech perception process.
Temporal ordering tasks have been used since the early 1970s (Lackner and Teuber, 
1973; Swisher and Hirsh, 1972; Tallal, 1985; Tallal et al., 1993). Subjects with left 
hemisphere damage required a longer silent interval between dichotic clicks, which 
varied in terms of their onset, in order to perceive separation (Lackner and Teuber, 
1973). A particular advantage of these tests is that they employ nonverbal material, thus 
eliminating the chance of linguistic influences on performance.
Pattern perception tests form another category of temporal processing tasks. In the 
frequency pattern test (FPT) and the duration pattern test (DPT), sequences of three 
tone bursts are presented monaurally and the subject is asked to describe the sequence 
heard (Pinheiro and Ptacek, 1971; Musiek, 1994; Musiek and Pinheiro, 1987; Musiek et
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al., 1990). Split-brain patients generally performed close to 100% accuracy when asked 
to ‘hum’ the sequences, but had great difficulty describing the sequences verbally 
(Musiek et al., 1980). These pattern perception tasks involve feature detection, 
frequency (FPT) or duration (DPT) discrimination, linguistic labelling, as well as subtle 
cognitive and memory function (Pinheiro and Musiek, 1985). The processes underlying 
duration pattern perception appear to be different from those of frequency pattern 
perception. In a study on duration pattern and frequency pattern recognition in subjects 
with confirmed cerebral lesions (involving, but not limited to, the auditory areas of the 
cerebrum), 5 out of the 12 subjects with abnormal scores on the DPT had normal FPT 
scores; two scored within the norms on both tests and another 5 scored below the norms 
on both tests (Musiek et al., 1990). In general, the performance of children aged 8 years 
and younger on the FPT is reported to be highly variable (Musiek and Pinheiro, 1987), 
but this test has proven useful to detect central auditory processing deficits in children 
with learning disabilities (Musiek and Geurkink, 1980; Musiek et al., 1982).
Electrophysiological tests
Despite the enormous efforts in the field of electrophysiological testing over the past 
few decades, especially relating to auditory cortical responses, the utopian dream of a 
golden standard for auditory processing disorders still eludes us. This is largely due to 
the wide variability in evoked response measurements, particularly in children (Hall, 
1992; Jerger, 1998) and to the longer maturational course of cortical evoked responses, 
such as the middle latency response (Chermak and Musiek, 1997), the P1/N1/N2 
cortical response (Cunningham et al., 2000) and auditory event-related potentials, such 
as the mismatch negativity and the P300 (Kraus and McGee, 1994). However, it is clear 
that in the vast majority of children with learning problems who are suspected of having 
an APD, the auditory brainstem response (ABR) is normal (Marosi et al., 1990). 
According to Musiek, medical problems need to be ruled out first when the ABR is 
found to be abnormal. If there are no other explanations, an abnormal ABR should be 
interpreted as an indicator of an auditory processing deficit (Musiek 1999), probably a 
temporal processing deficit.
1.2.6 Management procedures for APDs in children
Dempsey (1983) and Musiek et al. (1999) have categorized management procedures for 
children with APDs according to the following classification system:
• direct intervention: auditory training and possibly medication. Musiek et al. divided 
auditory training into two main types, formal and informal. At present, there are 
several formal training programmes, such as Earobics (www.earobics.com), Fast 
ForWord (www.scilearn.com) (Tallal et al., 1996; Tallal et al., 1998) and 
LocuTour (www.learningfundamentals.com) that aim to improve auditory abilities 
and language comprehension. Informal training can consist of auditory 
discrimination exercises, auditory directives of increasing length and complexity, 
and informal tasks associated with temporal processing (Musiek et al., 1999).
• signal enhancement procedures: the use of clear speech (which also tends to reduce 
the speech rate), pause occasionally, improve the signal-to-noise ratio (in 
classrooms, the signal-to-noise ratio is generally far from optimal, so one should
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reconsider classroom seating and perhaps introduce personal FM systems with 
headphones).
• linguistic and cognitive interventions (compensatory strategies): learn to use top- 
down processing more effectively when bottom-up processing is disturbed (Rookes 
and Willson, 2000), use visual reinforcement by writing information on the 
blackboard, give directions and homework assignments one stage at a time and 
reduce information in instructions to only the essential elements to ‘get the message 
across’.
1.3 Origin and objectives o f this study
Until recently, no systematic data were available on the development of auditory 
processing in children in the Netherlands. Therefore, in close collaboration, Sint Marie, 
a centre for children and adolescents with severe communication problems due to either 
hearing impairment or severe speech and/or language problems, and the Department of 
Otorhinolaryngology of the University Medical Centre Nijmegen, have developed 
auditory test batteries for children and adults (Neijenhuis et al., 2001). In the present 
study, several experiments were undertaken in the development of these test batteries 
with the aim of mapping the auditory development of children and to test the following 
hypotheses:
• The auditory system of children developing normally shows a maturational course 
until at least 12 years of age.
• Hearing impairment in childhood disrupts normal auditory processing because of 
attenuation and ‘distortion’ of auditory inputs and may lead to auditory processing 
disorders. This could even occur when the hearing loss is temporary.
• Development of auditory processing in language-impaired children is often delayed 
and a subgroup of these children may even have a genuine auditory processing 
disorder.
1.4 Outline o f  the thesis
This thesis is the result of a long-term study on the effects of age, hearing impairment 
and language impairment on auditory abilities in children.
Chapter 2 describes a study on measures of binaural hearing in a group of children with 
prolonged unilateral otitis media with effusion. Chapter 3 reports the results of hearing- 
impaired children and language-impaired children on a speech-in-noise test using 
sentence material. Specifically the effect of time-compressed speech was examined in 
the two groups of children, in a control group of age-matched children with normal 
hearing and normal language development and in a group of young adults.
After these initial experiments, we concluded that a more differentiated set of auditory 
tests was needed to study auditory processing in children. Chapter 4 describes the 
development of an auditory test battery for Dutch children. The results of 20 six-year- 
old language-impaired children on this test battery were compared to those obtained 
from a control group of age-matched children with normal language development. The 
latter group was subsequently followed in a longitudinal study until the age of 12 years 
(Chapter 5). In the same period, additional data were also gathered from the language-
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impaired children, which resulted in a group of 42 six- to eight-year-old language- 
impaired children (Chapter 6).
The auditory test battery described in Chapter 4 provided normative data on the 
development of auditory processing in 6- to 12-year-old children and in young adults, 
but no data on younger children were available. Recently, we have developed an 
adapted auditory test battery for younger children and obtained the first results from 28 
children aged 4 to 6 years (Chapter 7).
Chapter 8 presents a summary of the experiments and conclusions.
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Abstract
This study addresses the effect of early asymmetric hearing loss in children, owing to otitis 
media with effusion (OME), on binaural hearing. Five children who suffered predominantly 
unilateral OME between the age of 2 and 4 years, and who were not treated for OME at any 
time, participated in this study when they were about 12 years of age. All children had 
normal hearing at the time of testing. Data were compared to normative values obtained 
previously from normal hearing adults. We measured the auditory brainstem response 
(ABR), the binaural interaction component (BIC) in the ABR, the masking level difference 
(MLD) and the suppression of transient evoked otoacoustic emissions (TEOAE) with 
contralateral noise stimulation. The results indicated that the children’s ABRs and BICs 
were comparable to normative data, that there was evident suppression of TEOAE in 4 of 
the 5 children and that the children’s MLD values were within the normal (adult) range. The 
present results therefore do not support the presence of long-term auditory processing 
deficits induced by early asymmetric OME in man.
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Introduction
In the last decades, the issue of long-term effects of (fluctuating) hearing loss associated 
with early otitis media with effusion (OME) on auditory processing has gained increasing 
interest. The results of many investigations, among which several carefully designed 
longitudinal studies, suggest a relationship between early OME and later language and 
educational skills, at least for children up to 4 years of age (Brandes and Ehinger, 1981; 
Rach et al., 1988; Teele et al., 1984). Psychophysical studies have shown that children with 
a history of OME produce deviating results on several types of speech recognition tests 
(Brandes and Ehinger, 1981; Gravel and Wallace, 1992; Hoffman-Lawless et al., 1981; 
Jerger et al., 1983). In general, effects of early OME on auditory processing have been 
found in short-term evaluations but to a lesser degree in the long term (Hoffman-Lawless et 
al., 1981; Jerger et al., 1983; Schilder et al., 1994). This could mean that there is a gradual 
recovery of auditory processing capabilities after the OME episodes (and the associated 
hearing loss) have been resolved.
Several investigations have indicated that early OME may affect auditory brainstem 
development (for a review, see Wellendorf et al., 1995). Significant changes in the auditory 
brainstem response (ABR) have been reported by Folsom et al. (1983), Gunnarson and 
Finitzo (1991), Hall and Grose (1993) and others (see Hurley and Hurley, 1995).
Uniformly, these investigations have shown that OME subjects have longer wave III and V 
latencies and longer I-III and I-V intervals than controls. Furthermore, several of these 
investigations have shown that children with persistent infant OME continue to have altered 
ABRs from early childhood into preadolescence (Hurley and Hurley, 1995).
There is also evidence that the binaural interaction component (BIC) of the ABR is small or 
absent in children with a history of OME. In a recent study, Gunnarson and Finitzo showed 
that a significant BIC was found in only 4 of 9 children with protracted OME histories, in 
contrast to the control group, where 8 of 9 children were found to have a significant BIC 
(Gunnarson and Finitzo, 1991).
In the last years, the masking level difference (MLD) test has been used to document OME 
sequelae in children with OME histories (Hall and Grose, 1993; Hall et al., 1995; Moore et 
al., 1991; Pillsbury et al., 1991). Clinical interest in the MLD derives from its recognized 
sensitivity to neurological disorders in the brainstem region (Noffsinger et al., 1972; Olsen 
et al., 1976). The results from the above-mentioned studies all indicated that the MLD of 
children with OME histories can be abnormally small shortly after the resolution of the mild 
conductive hearing loss due to OME (by treatment with ventilation tubes). The Hall et al. 
study, however, also showed that in the long-term (more than 1 year after treatment) almost 
all children showed recovery of binaural hearing function, as measured with the MLD test 
(Hall et al., 1995).
Recently, several investigations have shown that the otoacoustic emissions (OAE) of one 
ear can be suppressed by contralateral acoustic stimulation, a process in which the medial 
efferent neurons of the olivocochlear bundle, which terminate on the outer hair cells in the 
cochlea, are believed to play an important role (Berlin et al., 1994; Collet et al., 1990; 
Veuillet et al., 1992). Measurement of this suppression in children with OME histories 
might therefore provide information on the function of brainstem centres involved with 
binaural hearing.
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The aim of this study was to assess the possible effects of early asymmetric OME on 
binaural hearing. We decided to test children with asymmetric OME, because several 
studies have suggested that it is not the hearing loss per se, that is associated with OME, but 
rather the asymmetry in hearing between both ears that may disrupt binaural hearing 
(Moore et al., 1991; Pillsbury et al., 1991). Furthermore, children with (predominantly) 
unilateral OME are generally not treated with ventilation tubes (in contrast to bilateral 
cases), which is another reason why the consequences of persistent asymmetric OME on 
binaural hearing may be more severe than with bilateral OME. We measured the ABR and 
the BIC in the ABR, the MLD and OAE with contralateral noise stimulation.
Methods and material
Subjects
In Nijmegen, a large cohort study has been undertaken to study the long-term effects of 
OME (Schilder et al., 1994; Zielhuis et al., 1989a). Of the birth cohort of 1983 of more than 
1400 children, about 1300 took part in a screen for OME and were examined by 
tympanometry at their home address every 3 months from age 2 to 4. No results on the 
occurrence of OME before age 2 were available, but a strong association has been found for 
the whole birth cohort between the presence of OME in the screens and results of the 
standard Dutch hearing screen in well-baby clinics at nine months of age (Zielhuis et al., 
1989b). This suggests that the results of the screens are indicative for OME history before 
the age of 2.
The tympanograms were classified into four types according to a modified version of 
Jerger’s definitions (Jerger, 1970):
type A: compliance > 0.2 ml and peak pressure > -100 daPa, 
type C1: compliance > 0.2 ml and -100 > peak pressure > -200 daPa, 
type C2: compliance > 0.2 ml and -200 > peak pressure > -400 daPa, 
type B: compliance < 0.2 ml or peak pressure < -400 daPa.
For this study, children with a history of predominantly unilateral OME at preschool age 
were selected from the data files. To be included in this study, the children had to fulfil 
several criteria; first, they had a type B or C2 tympanogram for one and the same ear and a 
type A or C1 tympanogram for the other ear for at least 5 of the 9 available screens. Second, 
they had not received medical treatment (e.g. ventilation tubes) for their ear problems at any 
time, and third, all children had to have normal hearing at follow-up (hearing thresholds 
from 0.25 to 4 kHz of 20 dBHL or better). Thirteen children fulfilled these criteria, ten of 
which were invited to participate in the experiments. Five of them took part in the 
experiments. In table 2.1, some data on these five children are shown. The children were 
almost 12 years of age at the time of testing. The pure tone average hearing thresholds at 
octave frequencies from 0.5 to 4 kHz ranged from 0 to 9 dBHL and all ears showed a type 
A or a type C1 (2 ears) tympanogram, indicative of (near) normal middle ear function.
The children’s results on the tests of binaural hearing were compared with data obtained in 
previous experiments from normal hearing adults. All normal hearing adults were between 
20 and 40 years of age, had hearing thresholds of 20 dBHL or less at octave frequencies 
from 0.25 to 4 kHz, with no known history of any ear problems or neurological disorders.
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Subject
Age
(years;months)
Gender
(F/M)
OME
ear
Tymp
RE
Tymp
LE
Asymmetry
PTA RE 
(dBHL)
PTA LE 
(dBHL)
1 11;10 F LE 1xB,1xC2 2xB, 5xC2 5 6 9
2 11;10 F LE 1xC2 5xB, 3xC2 6 8 9
3 11;5 F RE 7xB,2xC2 3xB 6 9 5
4 11;11 M RE 4xB,2xC2 1xC2 5 6 4
5 11;10 M RE 7xB,1xC2 1xC2 8 1 0
Table 2.1. Some characteristics o f the five children, who participated in the study. The column 'OME ear’
indicates the ear with multiple episodes o f OME during 2 to 4 years o f life and the columns ‘Tymp 
R E ’ and ‘Tymp L E ’ show the number o f type B and C2 tympanograms found on the 9 serial 
screenings for the right and the left ear, respectively. The column ‘Asymmetry’ shows the number 
o f times there was a significant difference between the two tympanograms (either B vs. C1 or A, 
or C2 vs. A). ‘PTA R E ’ and ‘PTA L E ’ stand for the pure tone average hearing threshold at 0.5, 1, 
2 and 4 kHz for the right and the left ear, respectively.
Methods
Audiometry was performed using standard procedures and equipment. The audiometer 
(Interacoustics AC-5 with TDH-39P headphone) was calibrated according to ISO 389 
(1987). All measurements were carried out in a double-walled soundproof room.
ABR and BIC
ABR testing was performed using a Medelec ER94a/AS 10 system. During the recording of 
the ABR, the subjects were seated in a comfortable reclining chair and were instructed to 
relax. Silver-silverchloride electrodes were attached on the high forehead (non-inverting 
electrode) and one on each mastoid (inverting electrodes) for two-channel simultaneous 
recording of the ipsilateral and contralateral activity. The ground electrode was attached to 
the wrist. Electrode impedances were 2 kQ or less in all experimental conditions. 
Condensation clicks at a rate of 15/s were delivered to the right ear, the left ear and to both 
ears via TDH-39P headphones at a level of 70 dBnHL. A 20 ms timebase was used with a 
10 ms prestimulus interval. Responses were bandpass filtered between 100 Hz and 6 kHz 
(high-pass 6 dB/octave roll-off, low-pass 12 dB/octave roll-off). Each measurement 
(consisting of 1024 sweeps) was repeated twice to increase the reliability of the 
measurements. For all subjects, the latencies of peak I, III and V of the ABR were noted in 
all stimulus conditions.
In figure 2.1, an example of a binaural difference waveform is shown. Binaural difference 
waveforms were derived as follows. First, the right ear was stimulated and ipsilateral and 
contralateral recordings were obtained (upper traces, figure 2.1) called RR (stimulation 
Right, recording Right) and RL (stimulation Right, recording Left) respectively. Second, the 
left ear was stimulated (traces LR, LL) and finally, both ears were stimulated 
simultaneously (traces BR, BL). The binaural difference waveform was derived by 
subtracting the summed monaural traces from the binaural traces according to 0.5-[(BR-RR- 
LR)+(BL-LL-RL)]. The thus derived binaural difference waveform is presented in the
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lower left comer of figure 2.1. To further minimize the noise, the binaural difference 
waveform was digitally bandpass filtered with cut-off frequencies of 0.3 and 2.7 kHz (lower 
right corner of figure 2.1).
A u d i t o r y  B r a i n s t e m  Re s p o n s e
Re c o r d i n g  R ight Recor d i n g  Left 
--------------■-------------------------- ------- - -------
"5 ■ ' 1 T Ü ?  -10 ' ' ' ' S ' ' 1 '+10' ms
10 1 1 1 1 3 1 1 1 '+10' -10 ' 1 1 1 3 ' ' 1 +10' ms
BP- 3 0 0 - 2 7 0 0  Hz
Figure 2.1. Representative traces o f the ABR and the binaural difference waveform for a normal­
hearing female adult. Int he upper part o f  the figure, ipsilateral and contralateral 
recordings are shown with stimulation o f the right ear (RR, RL), the left ear (LR, LL) and 
both ears simultaneously (BR, BL). ABR peaks I, III and V are indicated fo r  the ipsilateral 
recordings. In the lower part, the binaural difference waveform is shown (digitally filtered  
on the right). The dashed lines indicate the significance region determined by the '3-SD' 
criterion; significant positive (P) and negative (N) peaks are indicated.
The existence of binaural interaction requires that the binaural difference wave differs 
significantly from zero. In earlier studies on binaural interaction only visual inspection of 
the responses was used (Dobie and Norton, 1980; Kelly-Ballweber and Dobie, 1984). 
Dobie and Norton identified three peaks (two positive and one negative) in the difference 
waveform between 3 and 8 ms poststimulus in over 85% of normal hearing subjects. In 
later studies (Gunnarson and Finitzo, 1991; Levine and Davies, 1991; Stollman et al., 
1996), where an objective detection criterion was used, mostly only the first significant 
peak in the difference waveform is mentioned. All three studies report that a significant 
peak is present in (almost) all of the normal hearing subjects. We used the objective 
detection method first described by Gunnarson and Finitzo in 1991, which is based upon a 
signal-to-noise evaluation. The standard deviation of the noise is calculated from the 
prestimulus period. If a peak in a predefined time-window poststimulus (3-8 ms) exceeds 
three times the standard deviation of the noise, the peak is considered significant ('3 SD' 
criterion) (Gunnarson and Finitzo, 1991). For all subjects, the number of significant peaks 
and the latency of the first significant negative and positive peak of the binaural difference 
waveform were noted.
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MLD
The MLD reflects a central auditory process that involves the analysis of small interaural 
differences of time and amplitude (Hall et al., 1995). The MLD refers to the difference 
between thresholds in two binaural masking paradigms. In the most commonly used version 
of this test, the signal S and the masker N (noise) are first presented interaurally in phase 
(condition SoNo). This condition requires good unilateral processing. In a second condition, 
the masker is interaurally in phase but the test signal is presented with an interaural phase 
shift of 180° (condition SnNo). This condition requires binaural integration. The MLD is 
defined as the SoNo threshold minus the SnNo threshold (Moore et al., 1991; Olsen et al., 
1976).
The MLD was measured for 500 Hz pure tones generated on channel 1 of a clinical 
audiometer (Interacoustics AC-5); the masker was a narrow band noise, centered around 
500 Hz, generated by the audiometer on channel 2. The masking noise bandwidth was one 
third of an octave. The duration of the 500 Hz pure tone was fixed at 1500 ms. The signals 
of channel 1 and 2 were mixed with a home-made stereo amplifier with the possibility to 
shift the phase of the pure tone for one output by 180°. A TDH-39P headphone was 
connected to the mixer-amplifier.
The noise was presented at a level of 65 dB SPL. Thresholds for the pure tone in the SoNo 
and SnNo conditions were determined in a descending way starting at a level 10 dB above 
the noise level with an initial step size of 5 dB. When the subject could no longer hear the 
tone, the level of the tone was raised by 5 dB again and the step size reduced to 2 dB. Then, 
again in a descending way, the threshold of the pure tone was determined. To increase the 
reliability of the threshold determinations, the measurement was repeated once and average 
values were calculated.
Suppression o f OAE with contralateral noise stimulation
The OAEs were measured using the Otodynamics ILO92 with linear clicks at about 60 
dBpeak (60±4 dB) with and without contralateral noise stimulation. In the former case, 
continuous white noise, generated by a HP 8057A Precision Noise Generator, was 
delivered to the non-test ear via a clinical audiometer (Interacoustics AC-5) and an insert 
phone at a level of 40 dBSL. For the normal hearing adults, the test ear was randomly 
chosen. For the children the test ear was the 'good' ear, because OAE response amplitude 
was expected to be larger for the 'good' ear than the OME ear.
Each measurement was repeated once to increase the reliability of the measurements. The 
order of the measurements was fixed; contralateral noise was off in the 1st measurement, on 
in the 2nd, on in the 3rd and off again in the 4th).
The responses were analysed with a 4 to 20 ms time-window. For all subjects, the overall 
response amplitude and wave reproducibility in both conditions were noted. The magnitude 
of the contralateral suppression of the OAE was calculated by subtracting the overall 
response amplitude with contralateral noise stimulation from the overall response amplitude 
without contralateral noise stimulation.
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Results
ABR and BIC
The ABR results are presented in table 2.2. Normative values are given for female and male 
adults separately, because of the well-known effect of gender on ABR peak latencies 
(Jerger and Hall, 1980).
Close inspection of table 2.2 indicates that all peak and interpeak latencies for the five 
children fall within the normal range (mean ± 2 sd) of the normal values, with the exception 
of the III-V interpeak latency for subject 4, which falls below the normal range for male 
adults. The I-V interval is somewhat prolonged in subject 5, specifically for the right ear 
(which was his OME ear). Interear asymmetry measures were derived by subtracting the 
interpeak latencies for the left ear from the corresponding interpeak latencies for the right 
ear, yielding A(I-III), A(III-V) and A(I-V). Within the group of children, no relation was 
found between the sign of the interear asymmetry measures and the side of the OME ear.
Subject, ear I III V I-III III-V I-V
1, RE 1.20 3.28 5.12 2.08 1.84 3.92
1, LE* 1.28 3.28 5.20 2.00 1.92 3.92
2, RE 1.44 3.44 5.44 2.00 2.00 4.00
2, LE* 1.44 3.60 5.44 2.16 1.84 4.00
3, RE* 1.68 3.52 5.28 1.84 1.76 3.60
3, LE 1.52 3.44 5.28 1.92 1.84 3.76
4, RE* 1.60 3.84 5.36 2.24 1.52 3.76
4, LE 1.52 3.84 5.36 2.32 1.52 3.84
5, RE* 1.44 3.68 5.76 2.24 2.08 4.32
5, LE 1.44 3.76 5.68 2.32 1.92 4.24
Adults (F), RE 1.32 (0.10) 3.36 (0.15) 5.21 (0.21) 2.04 (0.13) 1.85 (0.13) 3.89 (0.17)
Adults (F), LE 1.36 (0.13) 3.39 (0.16) 5.22 (0.19) 2.03 (0.13) 1.82 (0.14) 3.85 (0.18)
Adults (M), RE 1.39 (0.11) 3.55 (0.17) 5.42 (0.17) 2.16 (0.12) 1.87 (0.15) 4.02 (0.16)
Adults (M), LE 1.45 (0.13) 3.60 (0.18) 5.45 (0.17) 2.15 (0.17) 1.85 (0.13) 4.00 (0.19)
Table 2.2. ABR latencies and interpeak latencies (ms) o f the 5 children and normative values (mean with
standard deviation between brackets) o f  20 female and 18 male adults. Peak and interpeak 
latencies are presented for the right ear (RE) and the left ear (LE) separately. For the children, 
the 'OME ear' is marked with an asterisk.
The morphology of the BIC showed great variability for the children as well as the 
normative data. In table 2.3, the number of significant BIC peaks are presented for the five 
children together with normative values for the range and mean number of peaks. The 
number of significant peaks ranged from 0 to 4. Also indicated are the percentages of
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normal hearing adults with more than one peak (> 1 peak), at least one positive peak (P) and 
at least one negative peak (N). Data from female and male adult subjects are again 
presented separately.
Subject Number of peaks > 1 peak P N
1 2 yes yes yes
2 0 no no no
3 2 yes no yes
4 3 yes yes yes
5 2 yes yes no
Female Adults Range: 0 to 4; Mean = 2.3 70% 80% 80%
Male Adults Range: 0 to 3; Mean = 2.1 72% 67% 83%
Table 2.3. Presence o f  significant peaks in the binaural difference waveform for the five children.
Normative values (range and mean) fo r 20 female and 18 male adults are also shown. For 
the children, columns ‘> 1 p ea k’, P  ’ and ‘N  ’ show i f  the child's BIC had one or more 
positive (P) and/or negative (N) significant peaks; fo r the adults the percentage o f subjects 
showing one or more significant peaks is presented.
The latency of the first positive and the first negative peak latency varied considerably, from
4.04 to 4.96 ms respectively 3.28 to 5.92 ms (for the children). Because of the large range 
of latencies, which was also found in normal hearing subjects, the latency of significant 
peaks, using the '3 SD' criterion, seems as yet to be of limited clinical value.
MLD
In table 2.4, the MLDs of all five children are shown together with normative values. The 
MLD of 4 of the 5 children is within 1 standard deviation of the normal value for adults and 
all are within 2 standard deviations. Our normative values are in agreement with normal 
values reported in the literature (Hall et al., 1995; Moore et al., 1991; Olsen et al., 1976).
In their 1993 study, Hall and Grose found modest, but significant correlations between 
measured MLDs and interaural asymmetry measures A(I-III) and A(I-V) in a group of 14 
children with a history of OME (Hall and Grose, 1993). In our study, no significant 
correlations were found between the children’s MLD and A(I-III) respectively A(I-V) 
(Spearman R = -0.22 (p > 0.05) respectively R = 0.15 (p > 0.05)).
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Subject SoNo (dB) SnNo (dB) MLD (dB)
1 59.3 47.3 12.0
2 59.3 46.0 13.3
3 58.7 45.3 13.4
4 60.7 46.6 14.1
5 61.3 46.7 14.6
Adults 59.6 45.7 13.9 (1.6)
Table 2.4. MLD o f the 5 children compared to normative values (mean and standard deviation between
brackets) o f  25 adults. Thresholds for the SoNo and the SnNo condition are also shown.
Suppression o f OAE with contralateral noise stimulation
For all children, OAE response reproducibility was good to excellent in both conditions. 
OAE response amplitudes for the test and retest measurements were shown not to be 
statistically different (Wilcoxon matched pairs test,p  > 0.05), so in the following average 
data are presented. In table 2.5, the children's OAE response amplitudes are shown together 
with normative data from normal hearing adults in the condition with contralateral noise off. 
The magnitude of the suppression of the OAE with contralateral noise stimulation is also 
presented.
Subject OAE Response Amplitude (dB) OAE Suppression (dB)
1 14.0 2.2
2 17.3 -0.3
3 12.0 3.2
4 -4.8 0.7
5 4.1 3.6
Adults Range: -5.3 to 8.6; Mean = 1.5 Range: 0.3 to 2.1; Mean = 1.2
Table 2.5. OAE response amplitude with contralateral noise o ff and magnitude o f  the suppression
effect o f  the 5 children compared to normative values (ranges and means) o f 8 adults.
From table 2.5 it can be concluded that there was considerable variation in OAE response 
amplitude for normal hearing adults as well as the children. Within both groups of subjects, 
two subgroups seem to be present; there are subjects with high and low response 
amplitudes. On average, the suppression effect is 1.9 dB for the children. Our normative 
values for the suppression effect are in agreement with literature, where values of around 1 
dB are reported for suppression of TEOAEs with contralateral noise stimulation (Berlin et 
al., 1994; Collet et al., 1990; Veuillet et al., 1992).
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Discussion
In this study, we measured the ABR, BIC, MLD and TEOAE with contralateral noise 
stimulation to assess the possible effects of early asymmetric hearing loss on binaural 
hearing. The study group was a small sample of children with a well-documented history of 
predominantly unilateral OME (Schilder et al., 1994; Zielhuis et al., 1989a). Results were 
compared to normative data obtained from normal hearing adults in previous experiments.
No significant differences in ABR peak and interpeak latencies nor in interear asymmetry 
measures were found between the children and the normative data. Several previous studies 
have indicated that children with (protracted) OME histories may have significantly 
prolonged I-III and I-V interpeak latencies (Folsom et al., 1983; Gunnarson and Finitzo, 
1991; Hall and Grose, 1993). All three studies describe a small, but significant delay in the 
I-III interval of 0.10-0.15 ms. In the Folsom et al. study a significant delay in the III-V 
interval is also reported in contrast to the other two studies. It is not likely that this can be 
attributed to the fact that the OME children in the Folsom et al. study had their first bout of 
OME before 12 months of age, because the subjects in the Gunnarson and Finitzo study 
were studied prospectively with 4 sequential ABRs before 1.5 years of life, which means 
that the children assigned to the OME group in this study were also children with (very) 
early OME.
The morphology of the BIC showed great variability for the children. With our present 
detection criterion ('3 SD'), the number of significant BIC peaks ranged from 0 to 3. Results 
for the OME children were comparable with normative data. The absence of (significant) 
BIC peaks in normal hearing subjects has been mentioned before in the literature on 
binaural interaction (e.g. Dobie and Norton, 1980; Stollman et al., 1996)). We believe that, 
at present, the results are too variable, even for normal hearing adults, to be of clinical 
value. The same holds for the latency of the first significant peak. The OME children in our 
study did on average not show less significant BIC peaks than normal hearing adults. In the 
Gunnarson and Finitzo study, only the first significant negative BIC peak is mentioned 
(Gunnarson and Finitzo, 1991). This peak was present in only 4 out of 9 children with 
protracted early OME compared to 8 out of 9 normal controls. However, with a less 
stringent detection criterion ('2.5 SD'), all 9 children with protracted early OME showed a 
significant BIC peak, whereas one of the 9 normal controls still did not. So, the results from 
the binaural difference waveforms in their study seem at best inconclusive as to the question 
whether children with a history of OME have brainstem deficits concerning binaural 
hearing.
All children showed MLD values within the normal range. Hall and Grose did find 
significantly smaller MLD shortly after resolution of OME associated hearing loss, but to a 
lesser extend in the long-term (Gunnarson and Finitzo, 1991, Hall et al., 1995).
To our knowledge, no previous studies on the effect of prolonged asymmetric OME on the 
suppression of otoacoustic emissions have been published. We could not demonstrate a 
significant difference in the magnitude of the suppression effect between the children and 
normal hearing adults.
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In conclusion, we did not find evidence for the existence of deficits in binaural hearing 
function in children with a history of early asymmetric OME. There are several possible 
explanations for this finding. First, the sample size was small, which was largely due to the 
stringent selection criteria for prolonged asymmetric OME. Second, the basic question of 
the maturation of the human auditory system at birth is still not answered conclusively. 
However, it seems clear from several investigations that, although the human auditory 
system is much more mature at birth than for instance the auditory system of mice (Doyle 
and Webster, 1991; Webster and Webster, 1977; Webster and Webster, 1979), the human 
auditory system does go through extensive maturation after birth. The well-documented 
maturational effects on the ABR until 1.5 years of age provide direct evidence for this as do 
the results from several investigations in humans indicating that early OME may affect 
auditory brainstem development and lead to (significant) changes in the ABR (see Hurley 
and Hurley, 1995). If maturation of the auditory brainstem is most extensive during the first
1.5 years of life, then the time of onset of the OME would be of great importance. The 
present study may be criticised as no results on the occurrence of OME before age 2 were 
available (serial tympanometry was performed between 2 and 4 years of age), because of 
practical considerations, but a strong association has been found between the presence of 
OME in the screens and results of the standard Dutch hearing screen in well-baby clinics at 
nine months of age (Zielhuis et al., 1989b). This suggests that the results of the screens are 
indicative for OME history before the age of 2. Third, OME in most cases causes a 
fluctuating conductive hearing loss, which indicates that there is an intermittent, partial 
auditory deprivation of the impaired ear (Wellendorf et al., 1995). Binaural stimulation via 
bone conduction (e.g. own voice) can have ameliorating effects on auditory deprivation due 
to conductive hearing loss and the average hearing loss with OME is typically 20-40 dBHL, 
which means that some auditory input of extraneous sounds is possible, although binaural 
hearing will probably be compromised. However, data collected from patients with 
congenital atresias, successfully operated upon (Wilmington et al., 1994), indicates that 
early asymmetric conductive hearing loss may permanently impair a patient's ability to do 
some, but not all, binaural tasks. Finally, the time between the period with OME episodes 
and the actual testing time was fairly long in this study, as in several other studies (Folsom 
et al., 1983; Gunnarson and Finitzo, 1991). In general, effects of early OME on auditory 
processing have been found in short-term evaluations but to a lesser degree in the long-term 
(Hoffman-Lawless et al., 1981; Jerger et al., 1983; Schilder et al., 1994). Hall et al. have 
described this gradual recovery effect for the MLD (Hall et al., 1995). However, another 
possibility which cannot be excluded is that the children in this study lacked an impairment 
in the first place.
Conclusion
In this study, we could not demonstrate any marked long-term effect of persistent 
asymmetric OME on several measures of binaural hearing such as the ABR, BIC, MLD 
and TEOAE with contralateral noise stimulation. The present results therefore do not 
support the presence of long-term binaural auditory processing deficits induced by early 
asymmetric OME in man.
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Abstract
In humans, the binaural interaction at the brainstem level has been studied for over 15 years. 
The binaural interaction component (BIC) is obtained by subtracting the summed auditory 
brainstem response (ABR) in the monaural stimulus mode from the ABR obtained in the 
binaural stimulus mode. By nature of this subtraction process, the signal-to-noise ratio of 
the difference waveform is poor, requiring an objective detection criterion to decide 
whether a significant BIC is present. In this study, the effectiveness of two analysis methods 
was compared. The first method is the '3 SD' method, which is based on a signal-to-noise 
evaluation. The second method is a template matching method, in which templates are 
derived from normal hearing subjects' responses and individual responses are cross­
correlated with these templates. The templates were allowed to shift over a range of -0.8 to
0.8 ms in search of the maximum correlation coefficient. Thirty nine subjects with normal 
hearing and five patients with a unilateral profound hearing loss participated in the study. 
ABRs were obtained with rarefaction and condensation clicks at a rate of 15/s and a level of 
70 dBnHL. Latencies of the ABR waves I, III and V for all normal hearing subjects and for 
the normal ear of the patients were within the normal range. The efficiencies of both 
methods, defined as the number of normal hearing adults with a significant BIC plus the 
number of patients without a significant BIC divided by the total number of subjects, were 
determined. The results show that the '3 SD' method is superior to the template matching 
method; the efficiencies were 95% and 70% respectively, when responses to rarefaction and 
condensation clicks were taken together. With the '3 SD' method, a significant BIC is 
demonstrated in almost all normal hearing subjects (97%). However, the '3 SD' method also 
falsely indicated a significant BIC in one patient. These results suggest that the BIC may 
have clinical value in studying binaural interaction in humans.
43
Supplement to chapter 2 Detection o f  the binaural interaction component in the auditory brainstem response
Introduction
Binaural interaction at the brainstem level has been the subject of investigation since 1970, 
when Jewett studied auditory evoked potentials in cats (Jewett, 1970). He found that, when 
both ears were stimulated simultaneously, the amplitude of the first three waves of the 
auditory brainstem response (ABR) was equal to the summed amplitudes of the responses 
of the two ears stimulated individually. The amplitude of the fourth ABR wave, however, 
appeared to be smaller in the binaural stimulus mode, suggesting binaural interaction at the 
generation site(s) of this wave. The binaural interaction component (BIC) is obtained by 
subtracting the summed ABR in the monaural stimulus mode from the ABR obtained in the 
binaural stimulus mode.
In the late 1970s, Dobie and Berlin studied binaural interaction in guinea pigs and found a 
strong BIC in each of the ten guinea pigs tested (Dobie and Berlin, 1979). Preliminary data 
on human subjects showed a BIC in the peak VI region of the ABR. Since then, several 
studies of binaural interaction in humans have been published (Dobie and Norton, 1980; 
Decker and Howe, 1980; Kelly-Ballweber and Dobie, 1984; Fowler and Swanson, 1988; 
Levine and Davis, 1991; Gunnarson and Finitzo, 1991). In the earlier studies (e.g. Dobie 
and Norton, 1980; Kelly-Ballweber and Dobie, 1984) binaural interaction peaks were 
identified visually. Dobie and Norton identified three peaks (two positive and one negative) 
in the difference waveform between 3 and 8 ms poststimulus in over 85% of normal 
hearing subjects. In the later studies (Levine and Davis, 1991, Gunnarson and Finitzo, 
1991), where an objective detection criterion was used (see below), mostly only the first 
significant peak in the difference waveform is mentioned. Both studies report that a 
significant peak is present in all (Levine and Davis, 1991) or almost all (Gunnarson and 
Finitzo, 1991) of the normal hearing subjects. However, the latency of this first significant 
peak varied considerably, especially in the Gunnarson and Finitzo study (control group of 
normal hearing children (group A): latency range with '3 SD' criterion: 5.48-9.36 ms). At 
present, it would thus appear that the latency of the BIC peak(s) is of limited value due to 
large inter-subject variations.
The amplitude of BIC peaks is small, in the order of 0.1-0.2 ^V, which means that they are 
often hard to distinguish from background noise. This can lead to serious problems in peak 
identification. Therefore, special precautions for obtaining good quality recordings are even 
more crucial than for normal ABR measurements. On top of that, strict criteria are needed 
to determine if a significant BIC exists; as mentioned before, in the first studies on binaural 
interaction, the only criterion used was visual identification (e.g. Dobie and Norton, 1980; 
Kelly-Ballweber and Dobie, 1984). Both these studies showed that a BIC could be 
identified visually in most, but not all of the normal hearing subjects. This could limit the 
clinical application of binaural interaction measurements seriously as the specificity would 
be too low. Because of the detrimental signal-to-noise ratio, an objective detection criterion 
is required to obtain more reliable data on BIC presence. In the field of auditory evoked 
potentials in general there have been several studies on objective detection of auditory 
responses (e.g. Elberling, 1979; Don et al., 1984; Arnold, 1985; Kileny 1987). There are 
two major advantages of objective vs. visual detection; first, the responses are analysed in a 
truly objective way i.e. there is no observer bias and more consistency in the analysis, 
second, the objective detection methods may perform better than visual detection at 
detrimental signal-to-noise ratios (Arnold, 1985; Hall, 1992).
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The present study compares the effectiveness of these two analysis methods when judging 
binaural interaction difference waveforms. The first approach used in this study is an 
objective detection method, applied by Gunnarson and Finitzo (1991) in their study on 
binaural interaction, which is based on a signal-to-noise evaluation. The variance of the 
noise is calculated from the prestimulus recording. If in a predefined time-window 
poststimulus, a peak is found which exceeds three times the variance of the noise (99% 
confidence range, assuming the noise follows a normal distribution) the peak is considered 
as significant. A disadvantage of this '3 SD' method is that it is vulnerable to artifacts in the 
prestimulus period. This problem may be minimized by applying adequate artifact detection 
and deletion techniques. An alternative and possibly superior approach would be to use the 
Fsp method described by Don et al. (1984), but our equipment did not allow the use of this 
method.
The second approach used in this study is to derive templates from normal hearing subjects' 
responses and cross-correlate individual responses with these templates. Elberling (1979) 
and Kileny (1987) applied this technique to ABR recordings. A disadvantage of the 
template correlation technique may be the high variability in the morphology of binaural 
interaction traces which may lead to a wide range of correlation values. If the 
interindividual differences are mainly present in the form of (small) latency differences, 
then the use of cross-correlation functions, as propagated by Elberling (1979) and Kileny 
(1987), could be of value.
Material and methods
Subjects
Thirty nine subjects with normal hearing and five patients with a unilateral profound 
hearing loss participated in the study. The subjects with normal hearing (20 females, 19 
males) had pure tone thresholds of 15 dB HL or less from 0.5 to 4 kHz and, according to 
their own reports, they had no history of middle ear problems nor neurological disorders. 
Their ages ranged from 18 to 38 years, with a mean age of 29 years.
The patients with a unilateral profound hearing loss were diagnosed at least one year prior 
to the measurements. Extensive testing including auditory brainstem responses and 
electrocochleography at that time indicated cochlear hearing loss in all cases. The average 
pure tone thresholds (0.5 to 4 kHz) in the impaired ear were above 80 dBHL. Pure tone 
thresholds in the normal hearing ear were 20 dBHL or less at octave frequencies from 0.5 to 
4 kHz, except for one patient who had a 30 dBHL threshold at 4 kHz. The patients’ ages 
ranged from 21 to 53 years, with a mean age of 43 years. In the patients, binaural interaction 
was not expected to occur, unless acoustic cross-talk plays a role in the generation of the 
BIC. In their study, Fowler and Swanson (1988) found no BIC in one patient with unilateral 
deafness, suggesting that the BIC is not an artifactual response caused by acoustic cross­
talk.
Methods
Pure tone audiometry was performed using standard procedures and equipment. The 
audiometer (Interacoustics AC-5 with TDH-39P headphone) was calibrated according to 
ISO 389 (1987). The measurements were carried out in a double-walled soundproof room. 
During the recording of the auditory brainstem response (ABR), the subjects were seated in 
a comfortable reclining chair located in a double-walled room and were instructed to relax
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during the measurement. Silver-silverchloride electrodes were attached on the high forehead 
(Fz; non-inverting electrode) and one on each mastoid (Mi and M2; inverting electrodes) for 
two-channel simultaneous recording of the ipsilateral and contralateral activity. The ground 
electrode was attached to the wrist. Placement of the reference electrodes on the mastoids 
enabled us, apart from deriving the binaural difference waveform curve, to compare 
standard ABR waveforms from both ears. Electrode impedances were 2 kH or less in all 
experimental conditions.
ABR recordings were obtained using the Medelec ER94a/AS10 system with TDH-39P 
headphones. Rarefaction (R) and condensation (C) clicks of 100 ps duration at a rate of 15/s 
were used at a level of 70 dBnHL. The 20 ms timebase included a midsignal trigger of 10 
ms. Thus, pre- and poststimulus periods were 10 ms each. Artefact rejection was set at 12 
pV. Responses were bandpass filtered between 0.1 and 6 kHz (high-pass 6 dB/octave roll­
off, low-pass 12 dB/octave roll-off).
Binaural difference waveforms were derived as follows; first the right ear was stimulated 
(1024 sweeps); ipsi and contralateral recordings were obtained (upper traces, figure S2.1) 
called RR (stimulation Right, recording Right) and RL (stimulation Right, recording Left) 
respectively. Second, the left ear was stimulated (traces LR, LL) and finally, both ears were 
stimulated simultaneously (traces BR, BL). The binaural difference waveform was derived 
by subtracting the summed monaural traces from the binaural traces according to 0.5 {(BR- 
RR-LR)+(BL-LL-RL)}. The thus derived binaural difference waveform is presented in the 
left lower corner of figure S2.1. To further minimize the noise, the binaural difference 
waveform was digitally bandpass filtered with cut-off frequencies of 0.3 and 2.7 kHz (right 
lower corner of figure S2.1).
Figure S2.1. Representative tracings o f the auditory brainstem response for a normal hearing subject. From 
top to bottom the recordings are shown for stimulation o f the right ear, the left ear and both ears 
simultaneously. In the lower part o f the figure, the binaural difference waveform is shown 
(unfiltered on the left, digitally bandpass filtered between 300 and 2700 Hz on the right).
The measurement was repeated at least two times using the same sequence of stimulus
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modes (right monaural, left monaural, binaural). This setup enabled us to evaluate 
successive measurements before the composite binaural interaction response (see below)
was calculated.
From the first 100 measurements in 10 normal hearing subjects, an evaluation of the 
prestimulus noise level was made. Thereto the variance of the noise was determined from 
the prestimulus period (9 to 1 ms before stimulus onset). In five percent of the 
measurements, the noise variance exceeded a value of 150 (arbitrary value). These 
measurements were deleted and the criterion value for acceptance of further binaural 
interaction responses was set at a prestimulus noise variance of 150.
The binaural difference waveforms of the accepted measurements were averaged and will 
be referred to as the CBI response (Composite Binaural Interaction response). Typically, a 
CBI response consisted of 3072 sweeps averaged, both for rarefaction as well as 
condensation clicks.
Subsequently, the mean and standard deviation of the prestimulus noise of the CBI response 
were calculated (between 9 and 1 ms prestimulus); the mean was used to compensate for 
the offset of the entire waveform and the standard deviation was used to estimate whether or 
not significant peaks occurred after stimulation (according to Gunnarson and Finitzo, 1991). 
If a peak in the time window between 4 to 8 ms post stimulation exceeded 3 times this 
standard deviation (indicated by the dashed horizontal lines in figure S2.1), it was 
considered as a significant peak. This method will be referred to as the '3 SD' method.
The construction of the templates was done according to Elberling (1979). The CBI 
responses of the first 10 males and 10 females were averaged. One male was excluded from 
the template construction, because his CBI response showed no significant peaks in either 
stimulus condition. To normalize the CBI amplitude, the RMS value of each individual CBI 
response within a time-window between 3.4 and 8.5 ms was determined. The amplitudes of 
the individual responses were adjusted in such a way that the individual RMS values were 
equal. In this way, 4 templates were derived (gender: male or female, stimulus polarity: 
rarefaction or condensation). Using the appropriate templates, correlation coefficients were 
calculated for the remaining 10 female and 8 male subjects and for the patients. Next, 
correlation functions were determined in which a shift over a range of -0.8 to 0.8 ms was 
allowed. The allowed shift was limited to this (arbitrary) value, because if significant peaks 
in the binaural difference waveform are generated by specific regions in the auditory 
brainstem, then interindividual latency differences would have to be fairly small. From the 
correlation function, the maximum correlation coefficient was determined. The criterion 
value to determine whether a correlation coefficient was significant or not was determined 
by correlating filtered noise (equivalent to a no-stimulus trial) with the templates. This 
yields a 95% criterion value for the correlation coefficient of 0.60.
When the CBI response was judged with the '3 SD' method, a BIC was considered to be 
present if one or more significant peaks could be found. From the template correlational 
analysis, the correlation coefficient with zero shift and the maximum correlation coefficient 
were noted. Here a BIC was considered to be present if the correlation coefficient exceeded 
the 95% criterion value of 0.60. For both methods the percentage of normal hearing
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subjects and patients demonstrating a BIC was noted.
Results
Latencies of the ABR waves I, III and V for all normal hearing subjects and for the normal 
ear of the patients were within the normal range. Both absolute and interwave latencies 
were significantly shorter in females than in males, a well-known fact in literature (Jerger 
and Hall, 1980). For the normal hearing subjects, no significant differences were found 
between latency measures for the left and right ear and between monaural and binaural 
stimulation.
There was great variability in BIC morphology, even among normal hearing subjects. The 
CBI curves of the subjects with normal hearing were first evaluated for the presence of 
significant peaks using the '3 SD' method. The percentages of subjects for whom a 
significant BIC was demonstrated are shown in table S2.1. Also shown in table S2.1 is the 
efficiency (the number of normal hearing adults with a significant BIC (true positives) plus 
the number of patients without a significant BIC (true negatives) divided by the total 
number of subjects). Surprisingly, as can be seen in table S2.1, one patient demonstrated a 
significant BIC in the condensation click condition.
Stimulus Normal hearing Patients Efficiency
3SD CA CAS 3SD CA CAS 3SD CA CAS
R click 79 39 61 0 0 40 82 52 61
C click 90 22 50 20 40 60 89 30 48
R or C click 97 50 78 20 40 60 95 52 70
Table S2.1. The prevalence o f binaural interaction according to the '3 SD' method (3SD) and the
correlational analysis (without (CA) and with (CAS) shifting o f the template). The columns with 
the heading ‘Normal hearing ' present the percentage o f normal hearing subjects (N = 39) for 
whom a significant binaural difference waveform was demonstrated. The columns with the 
heading ‘Patients' show this percentage for the patients (N = 5). The three columns on the right 
show the efficiency o f each method in detecting the binaural difference waveform.
The 4 templates used for the correlational analysis are presented in figure S2.2. The 
templates typically consisted of several peaks. The templates for females and males were 
very similar in wave morphology and latencies of the peaks. The templates for condensation 
clicks seemed to be shifted compared to the templates for rarefaction clicks; the average 
shift of the peaks was 0.67 ms (range 0.40 to 0.96 ms).
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Figure S2.2. The four templates derived from 10 normal hearing female and 10 normal hearing male 
subjects fo r two stimulus conditions (rarefaction and condensation click).
Cross-correlations between individual CBIs and corresponding templates were determined. 
The results for the correlational analysis are shown in table S2.1. Shown is the percentage 
of cases (results of males and females were added), where the correlation coefficient 
exceeded the 95% criterion value of 0.60. The results are clearly poorer than those of the '3 
SD' method, suggesting that there is indeed a large variation in BIC morphology. 
Furthermore, two of the five patients demonstrate a significant BIC with the template 
matching method.
Subsequently, maximum correlation coefficients were determined by allowing the template 
to shift over a distance from -0.8 ms to +0.8 ms. The percentage of cases with a significant 
correlation according to this procedure are also shown in table S2.1. It can be seen that the 
allowed shift of the template results in an increase in the percentage of normal hearing 
subjects with a significant BIC for the 'R click' and 'C click' condition, but not for the 'R or 
C click' condition. Furthermore, an evident increase in the presence of significant binaural 
interaction is found in the patient group, where no binaural interaction was to be expected 
because of the unilateral profound hearing loss.
Discussion
Binaural interaction at the brainstem level has been studied in man for over 15 years now.
In the earlier studies, the binaural difference waveforms were judged visually for the 
presence of a significant binaural interaction component (e.g. Dobie and Norton, 1980; 
Kelly-Ballweber and Dobie, 1984). This however could lead to serious problems when 
interpreting binaural difference waveforms, because of the detrimental signal-to-noise ratio 
observed in those studies. Indeed, in the Dobie and Norton study (Dobie and Norton, 1980), 
a negative peak was identified visually in 28 of 32 traces (in 15 of 16 subjects), but close 
inspection of the binaural difference traces shows that there was considerable individual
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variability, which raises some doubts as to whether all identified negative peaks were really 
significant peaks. An objective detection criterion is therefore required to obtain more 
reliable data on BIC presence. In the present study, the effectiveness of two objective 
detection methods for judging binaural interaction difference waveforms was compared.
One method (the '3 SD' method) was applied by Gunnarson and Finitzo (1991) in their 
study on binaural interaction and is based on a signal-to-noise evaluation. The other method 
makes use of templates from normal hearing subjects and cross-correlates individual results 
with these templates (Elberling, 1979; Kileny, 1987). To our knowledge, the applicability of 
the template matching method to binaural interaction has not been studied before. 
Furthermore, the studies on binaural interaction which have used an objective detection 
method, have not considered the efficiency of the method at hand. Both the Levine and 
Davis study and the Gunnarson and Finitzo study have shown that the specificity of the 
detection criterion used is good to excellent, but data on the sensitivity are lacking 
(Gunnarson and Finitzo, 1991; Levine and Davis, 1991). Therefore, in this study, the 
efficiencies of the '3 SD' and the template matching method were determined.
The efficiency of the '3 SD' method was shown to be superior to that of the correlational 
analysis. The large interindividual differences in CBI waveform morphology will have 
played a major part in this respect.
In our group of 39 normal hearing adults, the '3 SD' method identified a significant (positive 
or negative) peak in 79% of the subjects, with rarefaction click stimulation. This result is 
somewhat poorer than in the Gunnarson and Finitzo study, where at least one (negative) 
peak was identified in the binaural difference waveform of 8 out of 9 normal hearing 
children. The difference between our results and the results from the Gunnarson and Finitzo 
study is probably caused by different sample sizes.
With the '3 SD' method, a significant negative peak was found in one patient. This peak 
may however have been an artifact. Actually, in 3% of all CBIs, significant peaks in the 
prestimulus period were found, ascribed to artifacts. This low percentage indicates that the 
artifact rejection methods were adequate. However, false positive results, as for this one 
patient, may be found in rare cases.
In the correlation analysis, shifting of the template over the individual trace in order to 
calculate a cross-correlation function was used to see whether interindividual shifts in CBIs 
might explain the poor results obtained by the cross-correlation procedure. Indeed, a higher 
percentage of the normal hearing subjects showed significant correlation values but this was 
also found for the patients (i.e. a higher percentage of false negatives was found). Overall, 
the efficiency did not improve substantially and remained poorer than with the '3 SD' 
method. So, it is concluded that shifting the template over the individual CBIs does not 
contribute to better detection of BICs.
Conclusion
The '3 SD' method proved to be the most efficient technique to judge the presence of 
binaural interaction difference waveforms, provided appropriate artifact rejection is used. In 
almost all normal hearing subjects (97%) a significant BIC is demonstrated when both 
stimulus conditions (rarefaction and condensation clicks) are combined. These results are in
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agreement with several studies (e.g. Gunnarson and Finitzo, 1991; Levine and Davis,
1991), where a significant BIC was demonstrated in (almost) 100% of normal hearing
subjects and suggest that the BIC may have clinical value in studying binaural interaction in
humans.
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Abstract
In this study, the effect of time-compression and expansion of speech on speech 
perception in noise was measured for a group of hearing-impaired and a group of 
language-impaired children relative to control groups of normal children and normal 
adults. The children's ages ranged from 9 to 12 years. For all time-scale modified 
conditions, both hearing-impaired and language-impaired children had significantly 
higher speech recognition thresholds in noise (SRTN) than their normal peers, who 
performed almost equally well as the adult control group. Time-expansion was shown 
to have a negligible effect on SRTN for all groups when compared to the control 
condition, i.e. 0% time-compression. The difference in SRTn between the control and 
the impaired groups was, in general, not significantly altered by the degree of time- 
compression or expansion of speech, although a clear trend towards greater differences 
for increasing time-compression was observed. Five tests of auditory discrimination and 
auditory memory were also administered to both groups of impaired children. In a step­
wise multiple regression procedure, 94% of variation in SRTn in the control condition 
could be explained by the score on the ADIT C (type Wepman; discrimination task) and 
the maximum speech recognition score for monosyllables in quiet.
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Introduction
The process of speech perception starts with a peripheral auditory analysis, consisting 
of both spectral and temporal analysis of the speech signal. The results of this 
peripheral auditory analysis subsequently undergo phonological, syntactical and 
semantical processing.
In order to function properly, the speech processor must gather enough information 
from the presented speech. In this study, we considered two parameters which influence 
the amount of information gathered; the noise, both intrinsic (in the speech processor) 
and extrinsic (in the signal presented to the ears), and the processing speed, i.e. the 
speed by which speech segments are processed by the processor.
There are two groups of children in which (at least) one of these parameters is affected 
by their condition. In hearing-impaired children with sensorineural hearing loss, the 
intrinsic noise is increased, because of for example a loss of frequency selectivity 
(Zwicker and Schorn, 1978). In children with specific developmental language 
disorders, sensory information in general seems to be processed at a slower rate than in 
age-matched children with normal language development (Tallal, 1987). In the case of 
speech processing, this may be due to a reduced processing speed in the short-term 
memory (Sinninger et al., 1989). Whatever the origin of the impairment, the result is the 
same for both groups of impaired children: the amount of information gathered from the 
signal will be reduced, because more parts are masked or missed.
To compensate for this partial loss of information, the amount of information presented 
to the outer ear will have to be higher than for normal children. One way of achieving 
this is to raise the speech-to-noise ratio, which improves the transmission of the speech 
signal from the speaker's mouth to the listener's ear. This suggests that speech 
recognition thresholds in noise (SRTn) will be elevated compared to normal children, in 
both groups. For hearing-impaired subjects, this is confirmed by the literature (Plomp, 
1986). For language-impaired children, this has not been extensively investigated, 
although Smilde (1989) found a small but significant 1-dB increase in SRTn for 
language-impaired children compared to normal children.
When time-scale modification of speech is applied, the information density of the 
speech signal will change. Therefore, when a speech signal is compressed in time, a 
deterioration of individual phonemes will occur due to an increase in information 
density. Because consonants have relatively short duration and high transition rate, 
consonants will be affected more seriously than vowels. If we assume that a minimum 
amount of information is needed to perceive a speech signal correctly, a change in the 
effectiveness of the speech signal's transmission is required to compensate for the 
change in information density of the speech signal. As mentioned above, altering the 
speech-to-noise ratio is one way of changing transmission effectiveness. Therefore, in 
this study we measured the effect of time-compression and time-expansion on the 
SRTn, for hearing-impaired and language-impaired children as compared to normal 
children and normal adults. SRTn is expected to be higher for larger amounts of time- 
compression.
In the impaired children, the processing of speech may require more time, either to 
classify individual speech segments or to link together individual speech segments in a 
syntactically and semantically correct way. Under this hypothesis, time-compressing 
speech might cause the speech processor in the impaired children to reach its limits
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sooner than in the control groups, resulting in an additional loss of information from the 
speech input. Time-compression would then have a greater effect on SRTn for the 
impaired groups than for the control groups.
When time-expansion is applied, the duration of pauses between adjacent speech 
segments and of the segments themselves will increase, enabling the speech processor 
to spend more time on the analysis of each speech segment. On the other hand, 
consonant identification may deteriorate because of changes in transition rate brought 
about by the time-expansion. When time-expansion becomes extremely large, the 
limited capacity of the short-term memory will restrict the performance of the speech 
processor, because previous speech segments may be lost from the short-term memory 
before analysis on the final segment of an utterance is completed. Therefore, a decrease 
in SRTn because of a reduced information density, may be opposed by an increase in 
SRTn because of decreased consonant identification and limited short-term memory 
capacity.
Material and methods
Speech material
The speech material used consisted of 10 lists of 13 short meaningful Dutch sentences 
read by a female speaker. All sentences had been adjusted in level for equal 
intelligibility. The steady-state noise used to mask the sentences had a spectrum equal 
to the long-term average spectrum of the sentences (Plomp and Mimpen, 1979).
Time-scale modification o f the speech material
Both speech material and noise masker were compressed or expanded in time in a two- 
step process, based on the procedure developed by Fairbanks et al. (1954). First, the 
original tape recording was played on a tapedeck at a lower or higher speed, resulting in 
expansion or compression of the material. However, with this method the pitch of the 
material changes also. Therefore, in the second step, the material was fed through a 
digital delay line which shifted the pitch back to its original value. The correct setting of 
the digital delay line was checked by processing and analysing a 1 kHz sinewave. In 
this way, one time-expanded (37% expansion) and three time-compressed conditions 
(27%, 35% and 48% compression) were obtained, resulting in a total of five conditions 
including the original material. The limits of time-expansion and time-compression 
used were dictated by the apparatus used. For each condition, two lists were recorded 
on tape on a Revox A-77 tapedeck. Four tapes were recorded with two sets of five lists 
on each tape, so that each condition appeared twice. The order of conditions on each 
tape varied, but the order of conditions within both sets on a tape was the same.
Subjects
Four groups of 10 subjects each have been tested. One group of hearing-impaired 
children (HI), one group of language-impaired children (LI), and two control groups. 
One control group comprised normal children, i.e. children with no adverse otological 
history and normal language development (NC), the other control group was formed by 
normal adults (NA). The children in the LI and HI groups were recruited from a school 
for hearing-impaired and language-impaired children. Because the measurement of 
SRTn involved reproduction of sentences, children with severe speech production
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disorders were excluded from the study. In this way confusion about whether a word 
was either not perceived correctly or not reproduced correctly was avoided. The 
children in the NC group were all pupils of an elementary school. Medical students at 
our department participated in the NA group. All children were aged 9 to 12 years, with 
no significant difference in age-distribution between groups. The average age of the NA 
group was 26 years (range: 22-30 years). All subjects in the NA, NC and LI groups had 
normal hearing (pure-tone thresholds better than 15 dBHL for octave frequencies from 
250 Hz to 8000 Hz). Maximum Speech Recognition Score in quiet (MSRS), determined 
by means of phonemically balanced monosyllabic test lists with 10 items, was 100% for 
both ears. For the HI group, the mean pure-tone average at 500, 1000 and 2000 Hz was 
56 dBHL (sd: 14 dB) for the left ear and 55 dBHL (sd: 18 dB) for the right ear. The 
MSRS for the HI group was 81% (sd: 16%) for the left and 85% (sd: 15%) for the right 
ear respectively.
lnstrumentation and presentation
The five conditions were administered to the subjects in random order, using the four 
tapes. The order of the 10 lists of sentences on the tapes was always the same, to avoid 
confounding of 'list' with 'condition' effects. Each condition appeared twice, enabling a 
test-retest design.
The tapes were played on a TEAC X-3MKII tapedeck, with the speech on one track and 
the noise on the other. Both outputs of the tapedeck were fed into a dual-channel 
Madsen OB 822 audiometer, where they were mixed. The FreeField output of the OB 
822 was amplified by a Bryston 2B amplifier and delivered to a JBL loudspeaker 
situated in front of the subject at a distance of one meter. Noise masker level, measured 
at the position of the head of the subject with a B&K 2218 SPL meter, was 60 dB(A). 
No correction of masker level for hearing loss (Duquesnoy, 1983) was made in the HI 
group, because all hearing-impaired subjects wore hearing aids during the test. All 
subjects but one, who had one deaf ear, were fitted with hearing aids binaurally.
SRTn was determined by means of a simple up-down procedure with a step size of 2 
dB. The subject had to reproduce the presented sentence completely without errors. In 
this procedure the mean of the last ten reversals was taken as a measure of SRTn. The 
LI and HI groups were also tested on five other measures to obtain information about 
auditory information processing and memory. The measures included a WISC-R-N task 
(WISC-R Project group, 1986), a WPPSI task (Berger et al., 1973), the ADIT B [Type 
Provonost] and ADIT C [Type Wepman] (Crul and Peters, 1976) and the AW2 (TVK, 
1982). On the WISC-R-N task, subjects listened to strings of digits, increasing in length 
from two to eight digits, which they had to reproduce, both forwards and backwards. If 
a subject failed to reproduce two strings of the same length, the test was stopped. The 
number of correct reproductions was taken as the score on the WISC-R-N task. On the 
WPPSI task, subjects listened to sentences increasing in linguistic complexity as the test 
proceeded. They were asked to repeat the sentences exactly. The number of mistakes a 
subject made, subtracted from the maximum possible number of mistakes, was taken as 
the score on the WPPSI task. On the discrimination tasks (ADIT B, ADIT C and AW2), 
the subjects heard two words which were either the same or different. On the ADIT B 
task, the subject had to point to one out of three pairs of pictures. On both the ADIT C 
task and the AW2 task, the subject had to say if the two words presented were the same 
or different. On the ADIT B and ADIT C tasks, the number of correct answers was
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taken as the score. On the AW2 task, scoring was slightly different, because only the 
number of correct answers on pairs of differing words was taken as the score. Besides 
the use of a different set of word pairs, this was the only difference between the ADIT 
C task and the AW2 task.
Testing on these five other measures of auditory information processing and memory 
occurred on another day than the measurement of SRTn. For the discrimination tests 
(ADIT B, ADIT C and AW2), the instrumentation was identical to the one used for 
measurement of SRTn, i.e. presentation via a loudspeaker. The average level of the test 
material was 60 dB(A) at the position of the head of the subject. This level was chosen 
equal to the masker level in the measurement of SRTn to minimize the influence of 
level effects when analysing correlations between the results of these tests and SRTn. 
The material of the memory tests (WISC-R-N and WPPSI) was spoken by one of the 
authors at normal conservation level, because no material on tape is available for these 
two tests. Because of the different way of presentation, the memory tests were always 
presented before the discrimination tests. Within this subdivision, however, tests were 
administered to the subjects in random order.
Results
Results were analysed to see if time-scale modification significantly altered the SRTn 
and if this alteration varied significantly between the four subject groups. Furthermore, 
multiple regression analyses were performed between SRTn and the results on the five 
measures of auditory information processing and memory.
Effect o f  time-scale modification on SRTN
An analysis of variance showed that the difference between SRTn in the test and retest 
part of the experiment did not differ significantly among groups or conditions. For eight 
of the subjects in the HI group, SRTn at 48% time-compression was set at +20 dB, 
because these eight subjects were unable to reproduce the sentences completely, even at 
a speech-to-noise ratio of + 20 dB. A more favorable speech-to-noise ratio was not 
used, because at higher levels the speech material was judged by the subjects as being 
uncomfortably loud. Post-hoc comparisons using Tukey's HSD showed that the 
difference between SRTn in the test and the retest part did not vary significantly among 
groups or conditions. Averaged across groups and conditions, SRTn in the retest part 
was 1.1 dB lower than in the test part (one-sample t-test, p < 0.0001), which means that 
all groups performed a little better in the retest part of the experiment due to the effect 
of training. The measurement error, defined as the root mean square of 192 differences 
between SRTn in the test part and in the retest part for each subject in each condition, 
divided by V2, was 2.9 dB. Data from eight HI subjects in the 48% time-compressed 
condition were not included in the calculation of the measurement error, for the reason 
stated at the beginning of this paragraph. There are three possible reasons for this fairly 
large measurement error, when compared to the 1 dB measurement error found by 
Plomp and Mimpen (1979). First, because of the limited amount of lists of speech 
material, subjects were not presented with a list to familiarize them with the 
experimental task, which caused large differences between SRTn in the test part and the 
retest part especially for the 35% and 48% time-compressed conditions. Second, the 
intelligibility functions of hearing-impaired and language-impaired children may not be 
as steep as those of adults with normal hearing. Third, the limited accuracy of the
Chapter 3 Effect o f  time-scale modification o f  speech on the speech recognition threshold in noise for
hearing-impaired and language-impaired children
57
Chapter 3 Effect o f  time-scale modification o f  speech on the speech recognition threshold in noise fo r
hearing-impaired and language-impaired children
attenuator of the Madsen OB822 audiometer also probably increases the measurement 
error. Since both SRTn values are an estimate of the true SRTn of a subject, we used the 
mean of the SRTn in the test and the retest part throughout the rest of the statistical 
analysis.
In figure 3.1 the group averages of SRTn (expressed as speech-to-noise ratio) are 
shown as a function of the amount of time-scale modification. SRTn for the HI group 
for 48% time-compression is indicated between brackets and with an upward pointing 
arrow in figure 3.1, because eight of the subjects of this group were unable to reproduce 
the sentences completely, even at a speech-to-noise ratio of + 20 dB. This data point 
then represents the average of only two subjects in group HI.
Figure 3.1. SRTn, expressed as speech-to-noise ratio, as a function  o f  the amount o f  time-scale 
modification, averaged over subjects p er group. NA = normal adults, N C  = normal 
children, L I  = language-impaired children, H I  = hearing-impaired children. E rror bars 
indicate standard deviations. SRTn  fo r  group H I at 48%o time-compression is indicated in 
brackets and with an upward pointing arrow, because only two o f  the ten subjects in this 
group were able to reproduce the sentences in this condition, at a speech-to-noise ratio not 
exceeding +20 dB.
An overall analysis of variance showed that SRTn varied significantly among groups 
[F(3,167) = 266.4,p<0.0001] and conditions [F(4,167) = 128.4,p<0.0001]. 
Furthermore, the interaction between group and condition is also significant [F(12, 167) 
= 5.3, p<0.0001], indicating that the effect of time-scale modification on SRTn varied 
among groups. In table 3.1, the results of post-hoc comparisons using Tukey's HSD are 
shown for the four groups, averaged across conditions, and for the five conditions, 
averaged across groups.
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Significance of group effect Tukey's HSD
NA NC LI HI
p<0.0001 -3.3 -2.3 1.6 9.3
* *
Significance of condition effect Tukey's HSD
-37% 0% 27% 35% 48%
p <0.0001 -3.1 -3.0 0.7 3.3 8.8
* *
Table 3.1. Significance o f  group effects in the analyses o f  variance, averaged across conditions, and fo r
condition effects, averaged across groups, on SRTn  NA = normal adults, N C  = normal 
children, LI = language-impaired children, HI = hearing-impaired children. Values shown are 
mean SRTn  values, in dB speech-to-noise ratio, per group (upper part o f  table) and per 
condition (37% time-expansion and 0%, 27%, 35% and 48% time-compression) (lower part o f  
table). Results o f  Tukey'spost-hoc comparison tests at a = 0.01 are indicated underneath these 
SRTn  values; groups or conditions with the same symbol below do not differ significantly.
Table 3.1 shows that, averaged across conditions, groups NC and NA did not differ 
significantly, whereas all other comparisons were significant at the 1% level. Averaged 
across all groups, 37% time-expansion did not significantly alter SRTn compared to the 
control condition, whereas all time-compressed conditions differed significantly from 
each other and from the control condition at the 1% level.
Next, separate analyses of variance were carried out to determine whether groups 
differed significantly from each other with respect to the effect of time-compression on 
SRTn. The results of these analyses, together with the results of post-hoc comparisons 
using Tukey's HSD, are shown in table 3.2.
Table 3.2 indicates that, for almost all comparisons, the difference in SRTn between 
groups was not significantly altered by time-scale modification of speech; significance 
was demonstrated only for group LI compared to group NA (p<0.0001) and group HI 
compared to group NA (p<0.05). Table 3.2 does however show that, for all other 
comparisons, differences between groups tend to increase with increasing time- 
compression.
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Group ANOVA
p -37% 0%
Condition
27% 35% 48%
NC -  NA >0.05 0.5 1.0 0.6 1.2 2.0
* * * * *
AN- <0.0001 3.5 3.7 4.3 5.5 7.9
* * * *
HI -  NA <0.05 8.7 9.4 12.5 13.8 17.8
* * */** */** **
CN- >0.05 3.0 2.7 3.6 4.3 5.9
* * * * *
CN-HI >0.05 8.3 8.4 11.9 12.6 15.8
* * */** */** **
HI -  LI >0.05 5.3 5.6 8.3 8.3 9.9
* * * * *
Table 3.2. Significance o f  condition effect on SRTn, expressed in dB speech-to-noise ratio, in between-
groups comparisons. NA = normal adults, NC = normal children, L I  = language-impaired 
children, H I  = hearing-impaired children. In the second column, the significance level o f  the 
effect o f  time-scale modification on the difference o f  SRTn  between groups, averaged across all 
conditions, is shown. The differences o f  SRTn  between groups are shown per condition (37% 
time-expansion and 0%, 27%, 35% and 48% time-compression). Results o f  Tukey's post-hoc 
comparison tests at a = 0.05 are indicated underneath these values; conditions with the same 
symbol below do not differ significantly.
Correlation o f  tests o f  auditory discrimination and memory with SRTN
In table 3.3, the results of the tests of auditory discrimination and memory are given for
both the LI and HI groups, averaged across subjects.
On average, both groups LI and HI performed at a lower level than their normal peers, 
who perform at test ceiling, for all tests but the WISC-R-N. Furthermore, it can be seen 
that the scores on both auditory memory tests did not differ significantly between the LI 
group and the HI group, whereas highly significant differences between these two 
groups were obtained for all three auditory discrimination tests. Considering the fact 
that all LI subjects obtained a MSRS of 100% (identification task), it is not surprising to 
find that their scores on the auditory discrimination tasks are within normal limits.
Four step-wise regression analyses were performed for the combined subjects from 
groups LI and HI to predict performance in the 37% time-expanded condition and also 
in the 0%, 27% and 35% time-compressed conditions. Correlation coefficients between 
SRTn values for 48% time-compression and the tests of auditory discrimination and 
memory were not calculated, because eight subjects in group HI could not repeat the 
sentences, even at a speech-to-noise ratio of + 20 dB. The final coefficients were
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calculated using the Graham-Schmidt algorithm (STSC Plus*Ware, 1987). Because of 
the limited number of subjects in both groups of impaired children, we limited the 
number of independent variables to four; the Pure Tone Average at 1000, 2000 and 
4000 Hz (PTA), MSRS, the score on the ADIT C task and the score on the WPPSI task 
(sentence memory task).
Test LI HI LI -  HI Max. Score
w is c -r -n 9 [2] 10 [4] -1.2 [p>0.05] 24
w p p s i 24 [7] 23 [6] 0.6 [p>0.05] 34
a d it  b 38 [1] 31 [5] 7.0 [p<0.001] 40
a d it  c 48 [2] 38 [7] 9.2 [p<0.005] 50
AW2 35 [4] 28 [3] 7.6 [p<0.001] 38
Table 3.3. Scores on auditory discrimination and auditory memory tests, fo r  groups L I  (language-
impaired children) and H I (hearing-impaired children), averaged across subjects. Standard 
deviations are given between brackets. The fourth column (LI-HI) contains the difference-score 
o f  column two and three, with p-values (two-sample t-test) between brackets. The last column 
shows the maximum score possible fo r  each test. WISC-R-N = WISC-R-N auditory memory task 
(digits), WPPSI = WPPSI auditory memory task (sentences), AD ITB , A D IT  C, andAW 2 are all 
tests o f  auditory discrimination.
In table 3.4, only the correlation coefficients between SRTn in the four test conditions 
and those of the above-mentioned independent variables that contribute significantly to 
the regression model are shown. The last column shows the percentage of variance 
explained by the independent variables contributing significantly.
Condition PTA m s r s a d it  c w p p s i R2*100
-37% -0.14 -0.33 -0.16 89
0% -0.12 -0.44 94
27% -0.76 82
35% 0.06 -0.49 -0.21 90
Table 3.4. Results o f  step-wise regression analyses using the Graham-Schmidt algorithm. Correlation
coefficients between SRTn  in four test conditions and the pure-tone average at 1, 2 and 4 kHz 
(PTA), the Maximum Speech Recognition Score in quiet (MSRS), the score on the A D IT  C and 
the score on the WPPSI sentence memory task are shown only i f  they reached significance (at 
the 5% level) in the regression model. The last column denotes the percentage o f  variance in 
SRTn  explained by significantly correlating independent variables.
In all cases, most variance of SRTn was explained by the score on ADIT C (correlation 
coefficients ranging from -0.33 to -0.76). In all conditions, the score on the ADIT C 
task contributed significantly to the regression model (p<0.005), whereas in the 37%
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time- expanded and the 35% time-compressed condition the score on the WPPSI task 
contributed also (p<0.01).
Discussion
This study was carried out to determine the effect of time-scale modification of speech 
on the SRTn for a group of hearing-impaired and a group of language-impaired 
children, compared to control groups of normal children and normal adults. In the 
introduction we hypothesized that the processing of speech by the impaired children 
might require more time and that presentation of time-scale modified speech might 
therefore cause the speech processor to reach its limits sooner than in the control 
groups, resulting in loss of information. If this were so, the effect of time-scale 
modification of speech on the SRTn would be greater for the groups of impaired 
children than for a group of normal children. Our results showed that although SRTn, 
averaged across conditions, varied significantly among all groups except the two 
control groups, the effect of time-scale modification on SRTn was, in general, not 
significant. Table 3.2 showed that significance was only demonstrated for group LI 
compared to group NA and group HI compared to group NA, although for all other 
group comparisons there was a trend towards greater differences in SRTn between 
groups with increasing time-compression. These findings do not seem to merit a 
possible clinical application of the modified speech-in-noise test described in this study, 
because of the limited extra information obtained when measuring SRTn in time-scale 
modified conditions next to SRTn in the control condition.
The underlying causes for the fact that both language-impaired and hearing-impaired 
children need a higher speech-to-noise ratio to perform at the same level as the control 
groups may be quite different for the two groups of impaired children. In hearing- 
impaired children, a disorder in the bottom-up (sensory) part of the speech processor 
may be the main cause, although the top-down (cognitive) part may also show 
limitations, if the disorder in the bottom-up part has previously interfered with the 
normal acquisition of language. In language-impaired children, problems with top- 
down processing of language are clearly present; these children, for example, know 
fewer grammatical rules or have a limited passive vocabulary. However, there is also 
evidence that at least some language-impaired children have problems with bottom-up 
processing (Tallal, 1987; Lubert, 1981). In this respect, a complicating fact in research 
in this field is that it is difficult to devise test material which is sufficiently difficult to 
tax the auditory system (bottom-up), but not heavily dependent upon language and 
cognition (top-down) (Bamford and Saunders, 1985), although measurement of for 
example psycho-acoustical tuning curves, gap detection and modulation transfer 
functions can indeed provide information exclusively on the bottom-up part. Although 
we are aware of these considerations, our primary goal in this study was to try and 
describe the effect that changing the speaking rate has on the perception of speech in 
noise by groups of hearing-impaired and language-impaired children. Noise was used 
because in daily life considerable background noise is often present. we used speech 
material consisting of sentences, because the reproduction of rapid successions of 
speech segments would tax the speech processor more than reproduction of 
monosyllables would (Beasley et al., 1980). When reproducing sentences, the capacity 
of the short-term memory will play a greater role. The observation that in our study
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some children in both impaired groups failed to repeat a sentence correctly, because 
they could not reproduce the last part of it, may indeed indicate some sort of overload 
of short-term memory.
The control group of normal adults was included in the study to investigate whether the 
results of normal children and normal adults would differ. This may be so, if (normal) 
children rely more on bottom-up than on top-down strategies, because they are not yet 
familiar with all the linguistic knowledge adults have acquired. Since the results of both 
control groups do not differ significantly, we may conclude that normal 9- to l2-year- 
old children do not rely more on bottom- up strategies than normal adults do on a test 
using short meaningful sentences. This is in agreement with Elliott et al. (1979), who 
concluded that normal children at the age of 10 years achieved the same level of 
performance on adults did on a monosyllabic test, with words presented along with a 
filtered noise.
The results from our study cannot be compared readily to data available from the 
literature, with the exception of SRTn in the control condition. Here we see good 
agreement with reported values for hearing-impaired adults (Plomp, 1986), but SRTn 
for language-impaired children in our study is clearly worse than was found by Smilde 
(1989). She measured SRTn for a group of 16 language-impaired children, aged 10 to 
14 years, and found an average SRTn of -5 dB. The fact that the language-impaired 
children in her study were older than those in our study, together with the fact that she 
used a different procedure to determine SRTn, may account for the discrepancy 
between her data and ours.
As far as we know, no results of the effect of time-compression on SRTn have been 
reported so far. Most investigators have administered time-compressed monosyllabic 
speech tests without interfering noise (e.g. Beasley et al., 1976; Manning et al., 1977). 
The results of these two studies indicate that children with auditory perceptual disorders 
perform less well on a time-compressed speech recognition test than normal children 
do.
The fact that SRTn in the time-expanded condition does not differ significantly from 
SRTn in the control condition for all groups is in agreement with literature. Time­
expansion of up to 300% bas been shown to have little effect on discrimination scores 
(Nagafuchi, 1976). This may seem surprising at first, because often hearing-impaired 
people benefit more from slowing one's speaking rate than from raising one's voice. In 
our study as well as in Nagafuchi's, the material was time-expanded, which means that 
only the speaking rate was reduced. However, when in daily life we speak to someone 
at a reduced rate we automatically also change other aspects of prosody, e.g. stress and 
loudness. Furthermore, the 'time-expansion' we use in daily life is not uniform; key 
words and important passages will be spoken more slowly than the rest of speech, and 
the dynamic properties of consonants will be preserved as much as possible.
Step-wise regression analyses showed that, for group LI and HI, the score on the ADIT 
C (discrimination task) contributed significantly to the regression model in all 
conditions but the 48% time-compressed condition, which was excluded from the 
multiple regression analysis because eight subjects in group HI could not repeat the 
sentences, even at a speech-to- noise ratio of +20 dB. For the control condition, i.e. 0% 
time-compression, 94% of variance in SRTn was explained by the score on ADIT C 
together with the MSRS. In the 37% time-expanded as well as the 35% time- 
compressed conditions, the score on the WPPSI (sentence memory task) also
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contributed significantly to the regression model. The explanation for these significant 
contributions can be found in the task demands of both the ADIT C and the WPPSI. 
Good scores on the ADIT C and the WPPSI are both prerequisites for a low SRTn, 
because the correct repetition of whole sentences, as in the test described in this study, 
depends on the correct identification of syllables (ADIT C) and the ability to memorize 
the sentence long enough (WPPSI). The PTA did not in general correlate significantly 
with SRTn, which was to be expected because all hearing-impaired children wore 
hearing-aids during the tests.
Conclusion
This study shows that the effect of time-compression and time-expansion on the speech 
recognition threshold in noise is the same for a group of normal children and a group of 
normal adults. Our results further show that both hearing-impaired and language- 
impaired children do not perform as well as the control groups on the speech-in-noise 
test, which means that background noise in classrooms for example will pose greater 
problems to both hearing-impaired and language-impaired children compared to normal 
children. Finally, our study indicates that if a speaker is talking at a high rate, this may 
have a greater effect on speech perception for both impaired groups than for normal 
children.
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Abstract
The performance of a group of twenty 6-year-old children with specific language 
impairment (SLI) on several behavioural auditory tests was compared to a group of 
twenty age-matched control children. The auditory test battery used in this study 
consisted of the following tests: a speech-in-noise test, a filtered speech test, a binaural 
fusion test, a frequency pattern test, a duration pattern test, a temporal integration test, an 
auditory word discrimination test, an auditory synthesis test, an auditory closure test and a 
number recall test.
Our results show that the SLI children obtained scores on almost all tests that were 
significantly lower than the control groups’ results. Many of the basic auditory 
processing measures in our test battery correlated significantly with receptive and 
language scores suggesting a (causal) relationship between auditory processing and 
language proficiency.
Results from discriminant function analyses do not warrant deleting one or more tests 
from the test battery yet (with the exception of the auditory synthesis test and the 
temporal integration test, for which we did not find significant group effects).
At present we are conducting experiments with older (SLI and control) children and 
adults to see if the significant performance deficits of the SLI children are also found in 
older SLI children and to describe the influence of maturational effects on these 
auditory tests.
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Introduction
Impairments in language and speech are commonly found among young children. 
Estimates of the prevalence range from 1 to 15%, depending on the severity of the delay 
in language development (Silva, 1987). Speech and language disorders can be the 
consequence of a variety of underlying disorders. Specific language impairment (SLI) is 
diagnosed when a child fails to make normal progress in language learning for no 
obvious reason (i.e. hearing loss, mental retardation, or psychiatric disorder). The 
diagnosis is made largely by exclusion and it is widely recognized that there is 
considerable heterogeneity among SLI children (Bishop, 1999). In a review article, 
Bishop (1992) named several possible causes for SLI, one of which is a disorder in 
auditory perception. Jerger and Musiek (2000) state that ‘An auditory processing 
disorder (APD) may be broadly defined as a deficit in the processing of information 
that is specific to the auditory modality. It may be associated with difficulties in 
listening, speech understanding, language development, and learning’. APD can be the 
result of neurologic abnormality, neuromaturational disorder, developmental delay or a 
combination of factors (ASHA, 1996). In daily life an APD may be suspected to exist if 
a child displays one or more of the following behaviours: the child seems inattentive, 
has difficulty with hearing in noise, confuses verbal directions, shows reversals in 
reading and/or writing, often asks to repeat (Musiek and Geurkink, 1980). Over a 20- 
year period Tallal and co-workers have shown in several experiments that a basic 
temporal processing impairment in language-impaired children may underlie their 
inability to integrate sensory information that converges in rapid succession in the 
central nervous system (Tallal and Piercy, 1973a,b; Tallal et al., 1993). They suggested 
that this inability could be linked to phonological processing deficits which could result 
in subsequent language and reading problems.
Exact criteria for the presence of SLI are not clearly stipulated, i.e. when is the delay in 
language development severe enough to justify the diagnosis SLI? Stark and Tallal (1981) 
indicated that the delay in language development, compared to chronological and mental 
age, should be at least 12 months. In DSM-IV a significant difference between non-verbal 
intelligence (performal IQ) and language development, as measured with some receptive 
and or expressive language test, is considered a sign for SLI (American Psychiatric 
Association, 1994). In our study we decided to adhere to the definition of a significant 
language delay/disorder as proposed by Schlichting and Smeets (1992): language 
development (receptive and or expressive) should be delayed by at least 25% compared to 
non-verbal development.
In the present study we compared the performance of a group of language-impaired 
children on several auditory tests with a group of ‘normal’ children in the same age. The 
purposes of this investigation were: 1) to test the hypothesis that the language-impaired 
children would score significantly below the age-matched control group on these 
auditory tests, and 2) to try and find the combination of tests that could discriminate 
both groups best.
Subject selection
In this study, auditory tests were administered to two subject groups of 20 subjects each:
1. 6-year-old children with specific language-impairment (SLI group).
2. 6-year-old children with normal cognitive and language development (control group).
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All SLI children were attending a special school for hearing-impaired children and 
children with speech and language problems. All children in the control group were 
recruited from a nearby primary school.
Normal hearing sensitivity was confirmed by means of pure tone audiometry, 
impedance audiometry and speech audiometry. Pure tone audiometry was performed 
using standard procedures and equipment. The audiometer (Interacoustics AC-5 with 
TDH-39P headphone) was calibrated according to ISO 389 (1987). Tympanograms 
were classified using Jerger’s classification (Jerger, 1970). The speech material used 
consisted of CVC monosyllables from standard Dutch speech audiometry material 
(Bosman and Smoorenburg, 1992) and was presented at a level of 60 dB SPL. The 
measurements were carried out in a double-walled soundproof room. All subjects 
showed normal hearing sensitivity (pure tone average at 0.5, 1 and 2 kHz (PTA) < 20 
dB HL, for both ears), none of the subjects displayed a type B tympanogram and all 
subjects obtained speech recognition scores (percentage of phonemes correctly 
reproduced) of 88% or higher.
Questionnaires inquiring after the subject’s medical history (in particular possible episodes 
of otitis media with effusion) and speech and language development were filled out by the 
parents of both groups of children. In the SLI group, a questionnaire was also filled out by 
the teacher and the speech and language therapist of the school the children were 
attending. For several children remarks were made like: the child shows auditory memory 
problems, the child shows weak listening skills, the child is slow to respond to questions, 
the child often asks to repeat. Subjects of the SLI group were however not selected on the 
basis of suspected auditory processing problems and no previous results on auditory tests 
were taken into consideration in selecting SLI subjects.
In both groups of children, an index of non-verbal intelligence was obtained by measuring 
the performance on the Raven’s Coloured Progressive Matrices (Raven et al., 1986). This 
test is standardized for the Dutch population (Van Bon, 1986). The test result (RCPM- 
score) is expressed in a percentile score. A percentile score of 25 or more is considered 
normal.
The language development of the children was assessed with the use of the Dutch 
Language Tests for Children battery (Van Bon, 1982). This test battery comprises subtests 
that provide information about the child’s receptive and expressive language skills in the 
areas of morphology, syntax and semantics. For all subtests, normal data is available for 
children in the age of 4 ^  to 7 years. In total, 6 subtests were used to cover the above­
mentioned language skills. The percentile scores on the three receptive language tests were 
averaged to form the ‘receptive language score’ (RL-score) and the same was done for the 
three expressive language tests, yielding the ‘expressive language score’ (EL-score).
To be included in either subject group, the child was required to have normal non-verbal 
intelligence, normal motor skills, no marked behavioural problems (e.g. fear of failure, 
hyperactivity, socio-emotional problems) and no obvious neurological disorders. To be 
included in the SLI group, a child had to have an RL-score and or EL-score that was at 
least 25% lower than the RCPM-score. To be included in the control group, both the 
child’s RL-score and EL-score had to greater than 75% of the RCPM-score. Furthermore, 
control subjects had to have no history of recurrent otitis media with effusion.
Finally, because several auditory tests required a verbal response from the children (see 
below), the abridged version of the Utrecht Articulation Assessment (Peddemors-Boon et 
al., 1977) was administered to all children. If a child presented with severe articulation
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problems, he or she was excluded from the study.
In table 4.1, some subject characteristics are shown. For both groups, the number of 
male and female subjects is indicated. Median values, percentiles P10 and P90, and 
minimum and maximum values are shown for the age of the subjects, average hearing 
sensitivity for both ears (PTA = pure tone average at 0.5, 1 and 2 kHz), the percentile 
score on the Raven Coloured Progressive Matrices (RCPM) and both language scores 
(RL-score and EL-score).
Group
Gender
(M/F)
Age
(years;months)
PTA_R
(dBHL)
PTA_L
(dBHL)
RCPM RL-score EL-score
SLI 14/6
Median 6;0 8 9 63 30 12
P10-P90 5;8-6;7 3-13 2-16 36-94 11-55 2-39
Min-Max 5;6-6;7 2-15 0-18 33-96 4-69 0-56
Control 7/13
Median 6;2 10 12 78 70 80
P10-P90 5;10-6;6 5-16 1-16 46-92 40-87 42-96
Min-Max 5;9-6;8 2-17 0-17 34-93 37-90 34-97
Table 4.1. Subject characteristics fo r the SLI group and the control group; fo r both groups, the first
row shows the median values, the second row the P10 and P90 values and the third row 
minimum and maximum values. PTA = pure tone average at 0.5, 1 and 2 kHz, RCPM = 
percentile score on the Raven Coloured Progressive Matrices, RL-score = receptive 
language score, and EL-score = expressive language score (both percentile scores).
Methods
Over the last 20 years, the use of a battery of auditory tests to demonstrate problems with 
auditory processing has been advocated repeatedly (Musiek and Geurkink, 1980; 
Dempsey, 1983; Keith, 1988; Musiek and Chermak, 1994; Keith, 1995, Jerger & Musiek, 
2000). For the English speaking population, Keith has developed a screening test battery 
for children (SCAN), which contains 3 subtests and has norms for ages 3 to 11 years 
(Keith, 1986).
Our ultimate goal is to compile a number of tests in the same fashion as Keith did to be 
used for the Dutch population. In this pilot study a test battery, consisting of eight auditory 
tests was used. The ASHA Task Force on central auditory processing consensus 
development (1996) stated that categories of behavioural auditory measures of central 
auditory processing include tests of: temporal processes, localization and lateralization, 
low-redundancy monaural speech, dichotic stimuli and binaural interaction procedures. 
Furthermore, the ASHA Task Force indicated that a central auditory test battery should 
use both non-verbal and verbal stimuli. In our test battery, tests of temporal processes, 
low-redundancy monaural speech and binaural interaction procedures were included, but 
measures of localization and lateralization and dichotic stimuli were not. The auditory test 
battery used in this study consisted of the following tests: a speech-in-noise test, a filtered 
speech test, a binaural fusion test, a frequency pattern test, a duration pattern test, a 
temporal integration test, an auditory word discrimination test, an auditory synthesis test,
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an auditory closure test and a number recall test.
The test battery
The first three tests fall into the category of sensitized speech tests (Keith, 1988), i.e. 
these speech tests are based on the principle of the redundancy of speech, as first 
described by Bocca et al. (1954). The redundancy of speech is reduced by lowering the 
signal-to-noise ratio or by filtering the speech signal. For these three tests, lists of CVC 
monosyllables from standard Dutch speech audiometry material (Bosman and 
Smoorenburg, 1992) were used. Each list contained 11 test words preceded by one 
practice word. Subjects were encouraged to guess at the response when they were not 
sure which word they’d heard. The percentage of correctly reproduced phonemes 
determined the score in each test condition.
1. Speech-in-noise test (SIN):
Three lists of CVC monosyllables were presented diotically (i.e. the same signal to both 
ears) through headphones. The continuous speech noise, with the same spectrum as the 
female speaker, was also presented diotically, at a level of 65 dB SPL. Three signal-to- 
noise ratios (SNR) were used: 0, -5 and -10 dB. Each list was always presented using 
the same SNR and the presentation order was fixed.
2. Filtered speech test (FS):
One list of low-pass filtered CVC monosyllables was presented to the left ear (FS_L) and 
one to the right ear (FS_R). The cut-off frequency of the filter was 500 Hz and the slope 
was 18 dB/octave. The speech level was 65 dB SPL before filtering.
3. Binaural fusion test (BF):
Three lists of CVC monosyllables were filtered through a low band pass (350-450 Hz; 36 
dB/octave slopes) and a high band pass (1950-2050 Hz; 36 dB/octave slopes). First, the 
low band pass part of the monosyllable was presented to one ear (left or right; BF_lo). 
Next, the high band pass part was presented to the other ear (right or left; BF_hi). Finally, 
the low band pass part was presented to the ear used in the BF_lo condition, while the high 
band pass was presented to the other ear simultaneously (BF_lohi). The speech level was 
65 dB SPL before filtering.
4. Duration and Frequency Pattern Test (DPT and FPT):
Two pattern recognition tests were also administered, the duration pattern test (DPT) 
and the frequency pattern test (FPT). The frequency pattern test was always 
administered first. In both tests, subjects were required to reproduce sequences of 3 tone 
bursts, in which one tone burst had a different frequency (FPT) or duration (DPT) than 
the other two. For both pattern tests, 42 sequences of three tone bursts were presented 
diotically at 65 dB SPL.
For the FPT, the frequency of the two tones was 875 Hz and 1125 Hz and each of the 
tone bursts was 150 ms in duration. The interval between tones was 200 ms.
For the DPT, the frequency of the tones was 1000 Hz and the duration of the tone bursts 
was 250 ms or 500 ms. The interval between tones was 300 ms.
In our study, a verbal response was not required (as opposed to the standard response 
mode when these tests are administered to adults (Musiek, 1994)); rather, the child could
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reproduce the patterns heard on a response box. On the response box, two buttons were 
present. For the frequency pattern test, one button corresponded to a picture of a big 
mouse (the low tone), one to a picture of a small mouse (the high tone); for the duration 
pattern test, pictures of a (very) long dog and a short dog were used for the long and short 
duration tone burst, respectively. The next sequence was presented only after the subject 
had completed his response.
Each subject was given a practice period to ensure that the task was well understood. In 
this practice period, the correct identification of the two tone bursts was ascertained, then 
reproduction of sequences of two tone bursts was tested and finally sequences of three 
tone bursts were presented. We agree with Musiek and Pinheiro (1987) that a practice 
period is absolutely necessary, especially in (young) children and subjects with possible 
APD. For both tests, the percentage of correctly reproduced sequences constituted the 
score.
5. Temporal integration test (TI):
The temporal integration test is based on the phenomenon that the detection of a short 
duration signal depends on the duration of the signal: for tone durations shorter than 
200 ms, the intensity needed to detect the tone increases with decreasing duration 
(Fastl, 1984). The administration of this test is similar to the making of a pure tone 
audiogram; the child has to respond when he or she hears a tone. The relation between 
tone duration and threshold was determined for three frequencies (500, 1000 and 4000 
Hz) with pulsating tones of 10, 30, 100 and 300 ms. For the statistical analysis the 
difference between the threshold of the 10 and 100 ms tones or between the 30 and 300 
ms tones was calculated.
The children were also tested on three auditory tests from the Dutch Language tests for 
Children (Van Bon, 1982):
6. Auditory word discrimination test (AW):
The child hears two words that are either the same or slightly different. The first word is 
spoken by a man, the second word by a woman. With every word pair the child is shown a 
picture of the target word. The child has to indicate whether the man, the woman or both 
said the target word.
7. Auditory synthesis test (AS):
In this test, the child hears a word that is segmented and has to tie the parts together to 
form the correct word (e.g. bi-cy-cle).
8. Auditory closure test (AC):
In this test, the child hears an incomplete word and has to fill in the ‘gap’ (e.g. stimulus: 
air-ane, response: airplane).
9. The number recall subtest (NR) (Kaufman and Kaufman, 1983):
In this test the child has to try and reproduce an increasing number of digits, first in the 
order the digits were presented in, then in reversed order.
The test battery was administered by experienced investigators in one session, which
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lasted about one and half hour, including a 10 minute break.
Results
When the two groups were compared using the Kolmogorov-Smirnov two-sample test, 
a non-parametric statistic (Statistica for Windows, 1993), age, PTA and non-verbal 
intelligence were shown not to differ significantly. So we concluded that the two groups 
were indeed matched in respect to age and non-verbal intelligence, as was our intent. 
The two language scores (RL-score and EL-score) were, as to be expected, significantly 
lower in the SLI group (p < 0.001). In the SLI group the median EL-score was 
significantly lower than the median RL-score (Wilcoxon matched pairs test; p  < 0.001), 
which is often seen in clinical practice, where expressive language problems are more 
extensive than receptive language problems (in this group of children with SLI the EL- 
score was lower than the RL-score in 18 out of 20 cases).
We were concerned that the different gender ratios in the SLI and control group (SLI 
group: 14 male, 6 female subjects; control group: 7 male, 13 female subjects) might 
have a confounding effect on possible group differences found. However, with the 
Kruskal-Wallis ANOVA by Ranks test we determined that for both groups there were 
no significant differences between the female and male subjects on any of the tests. So 
in what follows, the data of female and male subjects are pooled, both in the SLI as well 
as the control group.
In table 4.2, the median values, percentiles P10 and P90, and minimum and maximum 
values for all tests in the test battery are shown for both groups. If there was a 
statistically significant difference between the SLI group and the control group, this is 
indicated with an asterisk (*: p  < 0.01). Possible significant differences between the 
two groups were analysed by use of the Kruskal-Wallis ANOVA by Ranks. This non- 
parametric statistic was chosen because the number of subjects in both groups was 
small and several variables did not follow a normal distribution (as confirmed by the 
Shapiro Wilks statistic). For the temporal integration test, only the results for the right 
ear are presented in table 4.2, since the left ear data showed the same general picture. 
Table 4.2 shows that the SLI children obtained scores significantly (p < 0.01) below the 
control subjects’ group on all auditory (sub)tests with the exception of the auditory 
synthesis test and the temporal integration test.
Group
AW* 
(perc. score)
AS
(perc. score)
AC* 
(perc. score)
NR* 
(perc. score)
SLI
Median 30 39 2 5
P10-P90 4-69 7-93 0-21 1-31
Min-Max 0-89 0-99 0-38 0-75
Control
Median 75 62 66 63
P10-P90 35-97 23-96 33-86 21-93
Min-Max 27-99 11-97 17-96 9-95
Table 4.2. Continued on the next page.
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Group
SIN0*
(%)
SIN-5*
(%)
SIN-10
(%)
FS L* 
(%)
FS R* 
(%)
SLI
Median 79 73 41 55 52
P10-P90 67-88 61-81 24-55 33-70 36-76
Min-Max 61-94 55-82 24-61 15-79 30-82
Control
Median 87 84 47 69 69
P10-P90 79-94 73-91 24-70 52-90 54-79
Min-Max 73-100 67-94 15-79 48-94 52-85
Group
BF lo
(%)
BF hi
(%)
BF lohi*
(%)
DPT*
(%)
FPT*
(%)
Median 26 17 50 10 13
SLI P10-P90 11-35 6-33 27-60 0-19 0-24
Min-Max 3-39 6-39 12-67 0-21 0-31
Median 29 27 66 19 27
Control P10-P90 21-42 15-42 55-73 9-37 15-87
Min-Max 15-42 12-48 42-76 7-60 12-93
Group
TI500 (dB) 
[10-100]
TI500 (dB) 
[30-300]
TI1k (dB) 
[10-100]
TI1k (dB) 
[30-300]
TI4k (dB) 
[10-100]
TI4k (dB) 
[30-300]
SLI
Median 8 7 7 7 7 7
P10-P90 3-11 4-10 5-11 5-10 3-12 4-11
Min-Max 3-12 2-10 4-12 4-11 2-18 2-14
Control
Median 8 7 8 7 7 6
P10-P90 5-11 5-11 6-11 5-10 5-10 5-9
Min-Max 3-13 4-11 5-13 3-10 3-10 3-12
Table 4.2. Descriptive statistics (median value, P10 and P90, minimum and maximum values) fo r all
tests fo r  the SLI group and the control group (for the temporal integration only the right ear 
data are shown). A W  = auditory word discrimination test, A S = auditory synthesis test, AC  
= auditory closure test, NR = number recall subtest, SIN = speech-in-noise test, F S = 
filtered speech test, BF  = binaural fusion test, DPT = duration pattern test, FPT = 
frequency pattern test, and TI = temporal integration test ([10-100] indicates the difference 
between the treshold o f  the 10 and 100 ms tones). A * behind the name o f the test indicates 
that the groups differ significantly on this test (p <  0.01).
In table 4.3, Spearman rank order correlations for all auditory (sub)tests and the RCPM- 
score and both language scores (RL-score and EL-score) are shown. Table 4.4 displays 
Spearman rank order correlations for all auditory (sub)tests. For the calculation of
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correlation coefficients shown in tables 4.3 and 4.4 the data of both groups were taken 
together. The data from the temporal integration test were not included in these analyses 
since we did not find any significant difference between the two groups on this test.
Variable RCPM RL-score EL-score
AW 0.25 0.53 0.62
AS 0.26 0.47 0.53
AC 0.41 0.78 0.89
NR 0.28 0.61 0.73
SIN0 0.17 0.44 0.53
SIN-5 -0.05 0.45 0.48
SIN-10 0.17 0.34 0.35
FS_L 0.21 0.44 0.41
FS_R -0.08 0.30 0.36
BF_lo 0.08 0.28 0.28
BF_hi -0.22 0.05 0.14
BF_lohi 0.05 0.48 0.52
DPT -0.04 0.32 0.48
FPT 0.19 0.33 0.42
Table 4.3. Spearman Rank Order Correlations between all auditory tests and the RCPM-score, the RL-
score, and the EL-score (for all subjects, N  = 40). RCPM = percentile score on the Raven 
Coloured Progressive Matrices, RL-score = receptive language score, and EL-score = 
expressive language score (bothpercentile scores). AW  = auditory word discrimination test, 
A S = auditory synthesis test, AC = auditory closure test, NR = number recall subtest, SIN = 
speech-in-noise test, FS = filtered speech test, BF = binaural fusion test, DPT = duration 
pattern test, and FPT = frequency pattern test. Significant correlations (p < 0.01) are in 
bold typeface.
From table 4.3, it is clear that almost all auditory (sub)tests correlated significantly (p < 
0.01) with both language scores, but not with the non-verbal intelligence measure (with 
the exception of the auditory closure test). On average, correlations were highest with the 
expressive language score.
Table 4.4 shows that most (sub)tests showed several significant (p < 0.01) correlations 
with other (sub)tests. Only four (sub)tests correlated with one other (sub)tests, i.e. the 
auditory synthesis test, the filtered speech test (right ear), the binaural fusion test (low 
band pass), and the binaural fusion test (high band pass). The highest correlations were 
found between the auditory closure test and the number recall subtest (R = 0.74), 
between the auditory word discrimination test and the number recall subtest (R = 0.64), 
between the binaural fusion test (fusion condition) and the filtered speech test (left ear)
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(R = 0.61), and between the duration pattern test and the frequency pattern test (R = 
0.60). If we look at the squared values of R, which indicate the amount of overlay of 
two variables, we see that there was a 55% overlap in terms of accounted for variance 
for the auditory closure test and the number recall test. The next highest overlap 
between two tests was between the auditory word discrimination test and the number 
recall test and amounted to only 41%. So, in general most auditory (sub)tests in our test 
battery could be considered to be independent of the others.
Variable AW
AW - AS
AS 0.39 - AC
AC 0.52 0.51 - NR
NR 0.64 0.33 0.74 - SIN0
SIN0 0.57 0.19 0.52 0.50 - SIN-5
SIN-5 0.56 0.16 0.41 0.43 0.56 - SIN-10
SIN-10 0.31 0.34 0.32 0.32 0.33 0.38 - FS_L
FS_L 0.26 -0.001 0.36 0.34 0.30 0.32 0.47 - FS_R
FS_R 0.20 -0.05 0.39 0.20 0.18 0.34 0.04 0.24 - BF_lo
BF_lo 0.08 0.02 0.21 0.13 0.13 0.11 0.10 0.51 0.32 - BF_hi
BF_hi 0.06 0.06 0.15 0.36 0.03 -0.04 0.22 0.31 0.08 0.17 - BF_lohi
BF_lohi 0.28 0.18 0.52 0.51 0.43 0.37 0.37 0.61 0.28 0.32 0.41 - DPT
DPT 0.38 0.23 0.53 0.55 0.35 0.53 0.24 0.09 0.53 0.19 0.28 0.39 -
FPT 0.35 0.05 0.43 0.53 0.24 0.28 0.43 0.38 0.34 0.27 0.31 0.45 0.60
Table 4.4. Spearman Rank Order Correlations between all auditory tests (for all subjects, N  = 40). AW
= auditory word discrimination test, A S = auditory synthesis test, AC = auditory closure 
test, NR = number recall subtest, SIN = speech-in-noise test, F S = filtered speech test, BF  = 
binaural fusion test, DPT = duration pattern test, and FPT = frequency pattern test. 
Significant correlations (p < 0.01) are in bold typeface.
Finally, two discriminant function analyses were carried out to determine which 
combination of variables could best classify subjects from the control and the SLI 
group, one with all auditory test variables and one without the variables from the 
auditory tests from the Dutch Language tests for Children (AW, AS, AC) and the 
Number Recall test (NR). The latter analysis was done to see if a reduced test battery 
(which is more attractive from a clinical point of view) consisting of only the speech-in­
noise test, the filtered speech test, the binaural fusion test, and both pattern tests could 
discriminate between the two groups as well as the complete set of tests.
For the analyses, discriminant functions were developed using the first 10 control and 
the first 10 SLI subjects. Then, the discriminant functions were evaluated in the latter
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10 control and SLI subjects, to see how well these subjects could be classified using 
these discriminant functions. In the first (forward stepwise) discriminant function 
analysis, 3 variables were included in the discriminant function: the auditory closure 
test (standardized coefficient p = 1.01), the binaural fusion test (binaural condition) (p = 
0.55), and the speech-in-noise test (-5 dB SNR condition) (p = 0.49) accounted for 87% 
explained variance (Wilks’ X = 0.13) (remember that the larger the value of p, the 
greater is the contribution of the respective variable to the discrimination between 
groups). In the second discriminant function analysis, 4 variables were included in the 
discriminant function: the speech-in-noise test (-5 dB SNR condition) (p = 0.76), the 
filtered speech test (right ear) (p = 0.68), the binaural fusion test (binaural condition) (p 
= 0.62), and the duration pattern test (p = 0.54) accounted for 72% explained variance 
(Wilks’ X = 0.28).
Classification of the 10 remaining control and 10 remaining SLI subjects indicated that 
95% of these 20 cases were classified correctly using the first discriminant function 
(one control subject ‘misclassified’), whereas 90% were classified correctly using the 
second discriminant function (one control and one SLI subject ‘misclassified’).
A word of caution is warranted because of the small group sizes involved; we also 
performed the two discriminant function analyses using the latter 10 control and SLI 
subjects. Then, a different picture emerged, with the number recall test (p = 1.17), the 
frequency pattern test (p = 0.69), the speech-in-noise test (-5 dB SNR condition) (p = 
0.62), the auditory word discrimination test (p = -0.49), and the binaural fusion test 
(binaural condition) (p = 0.35) accounting for 94% explained variance when all 
auditory test variables are included in the analysis. When the variables from the 
auditory tests from the Dutch Language tests for Children (AW, AS, AC) and the 
Number Recall test (NR) were excluded from the analysis, 4 variables were included in 
the discriminant function: the binaural fusion test (binaural condition) (p = -0.63), the 
speech-in-noise test (-5 dB SNR condition) (p = -0.59), the binaural fusion test (high 
band pass) (p = -0.54), and the frequency pattern test (p = -0.40) accounting for 83% 
explained variance. With both these discriminant functions, 75% of the 10 remaining 
control and 10 remaining SLI subjects were classified correctly.
Discussion
In this study the performance of 20 6-year-old children with specific language 
impairment (SLI) on several auditory tests was compared with a group of 20 age- 
matched control subjects.
The purposes of this investigation were: 1) to test the hypothesis that the language- 
impaired children would score significantly below the age-matched control group on 
these auditory tests, and 2) to try and find the combination of tests that could 
discriminate both groups best.
Our results indicate that, as a group, the SLI children obtained scores significantly (p <
0.01) below the control subjects’ group on almost all tests administered (see table 4.2). 
Only the results on the auditory synthesis test and the temporal integration test did not 
show a significant group difference. It should be noted that our results may even 
underestimate the true incidence and severity of APD in the general population of children 
with SLI, because children with SLI with severe phonological production problems, who 
may well be the ones with the ones with the most severe APD, were excluded from this 
study.
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Table 4.3 shows that most of the auditory tests correlated significantly with receptive 
and expressive language scores, suggesting a (causal) relationship between auditory 
processing and language proficiency. The auditory subtests from the Dutch Language 
tests for Children (AW, AS, AC) and the Number Recall test (NR) showed the highest 
correlations with the receptive and expressive language scores (correlations were 
highest with the expressive language score).
In general, most auditory (sub)tests in our test battery could be considered to be 
independent of the others, as indicated by the relatively low values of the correlation 
coefficients in table 4.4. The maximum amount of overlay of two variables was 55% in 
terms of accounted for variance for the auditory closure test and the number recall test. 
In order to try and find the combination of tests that could discriminate both groups best 
discriminant function analyses were performed. When the discriminant functions were 
developed using the first 10 SLI and the first 10 control subjects, we found that 3 
(sub)tests of all the auditory tests administered accounted for 87% explained variance. 
When the results from the auditory test from the Dutch Language tests for Children and 
the Number Recall test were not included in the analysis, a combination of 4 variables 
accounted for 72% explained variance.
Unfortunately, because of the small group sizes, the results of the discriminant function 
analyses are influenced by the preconditions set. When the discriminant functions were 
developed using the latter 10 control and SLI subjects, a set of five variables (of which 
two also contributed significantly to the discriminant function developed using the first 
10 control and SLI subjects) accounted for 94% explained variance when all auditory 
test variables were included in the analysis. When the variables from the auditory tests 
from the Dutch Language tests for Children (AW, AS, AC) and the Number Recall test 
(NR) were excluded from the analysis, 4 variables (of which again two also contributed 
significantly to the discriminant function developed using the first 10 control and SLI 
subjects) accounted for 83% explained variance.
So we may conclude that these analyses suggest several candidate (sub)tests that seem 
to discriminate relatively well between the SLI and control subjects (e.g. the binaural 
fusion test (binaural condition), the speech-in-noise test (-5 dB SNR condition), and the 
pattern tests) but that they do not warrant deleting one or more tests from the test 
battery yet (with the exception of the temporal integration test, for which we did not 
find any significant group effects).
In general, the results of our study are, as far as we can compare them, in agreement 
with the literature. Speech recognition scores on the speech-in-noise test are comparable 
to the normal data provided by Bosman and Smoorenburg (Bosman and Smoorenburg,
1992). For the two pattern recognition tests we found, just as Musiek and Chermak have 
stated, that the performance on the pattern recognition tests was highly variable in these 
young children (Musiek and Chermak, 1994). However, from our data it is clear that these 
tests do allow a rather clear distinction between young SLI and control children, since the 
SLI children scored significantly lower on both the FPT and DPT than the control children 
did (see table 4.2: on both tests, the two groups of children differ significantly (p < 0.01)). 
The fact that we used another response mode (instead of a verbal response, the child could 
reproduce the pattern heard on a response box) may have facilitated the task in the young 
children.
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The two most important questions raised by the differences found in performance between 
SLI and control subjects are:
1. do the SLI children have specific auditory or more general processing disorders, which 
could also explain their decreased performance on the auditory tests?
2. is the decreased performance found the result of a delay in (auditory) processing skills 
or evidence of a genuine impairment?
In order to try and answer the first question, we could have included electrophysiologic 
measures in or test battery (which we did not do because these tests are rather time­
consuming and as such not suitable for inclusion in a screening test battery and because 
the results of auditory evoked potential testing in children are at best highly variable (with 
the exception of the auditory brainstem response), used a ‘cross-modality approach’ 
(including tests in another, e.g. the visual modality in the test battery) or let the child serve 
as his/her own control by comparing monaural to binaural performance or seeking 
asymmetries in performance for left and right ear inputs (Jerger, 1998; Jerger & Musiek, 
2000).
We used the ‘cross-modality approach’ by determining the performance of the SLI 
children on a visual pattern test (VPT), which was analogous to the DPT, except that the 
stimuli were short and long rectangles presented sequentially on a computer display. The 
median score of all 20 SLI children on the DPT was 10%, whereas they scored an average 
81% on the VPT; the 8 children who scored 0% on the DPT achieved scores between 31% 
and 100% on the VPT, with a median score of 84%. This at least suggests that the poorer 
performance of the SLI children on the two auditory pattern tests was due (mostly) to the 
auditory presentation.
Letting the child serve as his/her own control can be done in our test battery for the filtered 
speech test and the temporal integration test, where scores for the left ear and the right ear 
can be compared and for the binaural fusion test, where monaural and binaural scores can 
be compared. For the filtered speech test and the temporal integration test, we did not find 
a significant difference between the left and the right ear for either group. For the binaural 
fusion test, the difference between binaural and (summed) monaural scores was not 
significantly different from zero for the SLI children, but for the control group it was 
(Wilcoxon matched pairs test;p < 0.05); the binaural scores were significantly higher than 
the summed monaural scores for the control children. This is the only hard evidence for a 
specific auditory processing disorder we can find this way.
So, unfortunately the first question can not be answered conclusively. It should however 
be recalled that to be included in either subject group, the children were required to have 
normal non-verbal intelligence, normal motor skills and no obvious neurological 
disorders. This suggests that a general processing disorder was not likely to be present, 
although its presence cannot be precluded.
To be able to conclude that the SLI children have a specific auditory processing disorder 
furthermore requires a close look at the demands posed by the tests administered; in 
general, the linguistic demand was minimal for all tests, except for the auditory closure 
test. Memory load may have been an important factor in the pattern recognition tests (and 
of course in the number recall test). Indeed, the significant correlations between the pattern 
recognition tests on the one hand and the number recall test on the other hand (see table
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4.4) suggest that these tests probe similar abilities (i.e. sequential memory). The above­
mentioned would lead us to conclude that a child performing poorly on this test battery 
may indeed have a specific auditory processing disorder, but could also have linguistic 
and/or (sequential) memory problems.
One possible way to try and answer the second question would have been to test a third 
group of children, i.e. a group of children matched on the basis of language level. Because 
of the relatively young age of the children and the (cognitive and attentional) demands 
made by the test set-up we chose not to do this. Another way would be to administer the 
test battery to older (SLI and control) children too and compare results between different 
groups and across different age categories. At present we are conducting experiments 
with older (SLI and control) children and adults to see if the significant performance 
deficits of the SLI children are also found in older SLI children and to describe the 
influence of maturational effects on these auditory tests.
Conclusion
The performance of a group of 20 6-year-old children with specific language 
impairment (SLI) on several auditory tests was compared to a group of 20 age-matched 
control children. The auditory test battery used in this study consisted of the following 
tests: a speech-in-noise test, a filtered speech test, a binaural fusion test, a frequency 
pattern test, a duration pattern test, a temporal integration test, an auditory word 
discrimination test, an auditory synthesis test, an auditory closure test and a number recall 
test.
Our results show that the SLI children obtained scores on almost all tests that were 
significantly (p < 0.01) lower than the control groups’ results. Many of the basic 
auditory processing measures in our test battery correlated significantly with receptive 
and language scores suggesting a (causal) relationship between auditory processing and 
language proficiency.
In an attempt to determine the combination of tests that would discriminate best 
between the two groups of subjects we performed discriminant function analyses. Due 
to the small group size of both subject groups, the results of these analyses depend 
critically on the subjects used to develop the discriminant functions. These results 
therefore do not warrant deleting one or more tests from the test battery yet (with the 
exception of the auditory synthesis test and the temporal integration test, for which we 
did not find significant group effects).
It should be noted that the test battery described in this study can only alert the clinician 
to the possible presence of a specific auditory processing disorder. Unfortunately, at 
present this is, in our opinion, the best we can do. Jerger and Musiek suggested the use 
of electrophysiologic tests and/or testing other modalities to make a definite ‘diagnosis’ 
of APD (Jerger & Musiek, 2000), but electrophysiologic tests of auditory processing 
beyond the auditory brainstem response are either highly variable in young children or 
still investigational and a clinically confirmed protocol for testing other modalities is 
not available yet.
The clinical relevance of trying to establish the presence of a specific auditory 
processing disorder has been described nicely by Jerger: ‘even if there were nothing 
they (the parents) could do about it, it is important that they know it is a listening
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problem, not an attention deficit, not mental retardation, and not a behavior disorder’ 
(Jerger, 1998). Besides counselling parents there are a number of possible interventions 
for the management of APD that include teaching compensatory strategies, improving 
the listening environment, enhancing the auditory signal (assistive listening devices) 
and enhancing the client’s own resources (auditory training) (ASHA, 1996; Jerger, 
1998). As far as auditory training is concerned, evidence is accumulating that intense 
auditory training programmes can help children with APD to improve their listening 
skills (Tallal et al., 1996; Merzenich et al., 1996; Tallal et al., 1998). Administration of 
the test battery described in this article could help in determining which measures 
should be taken in the treatment of children with specific language impairment.
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Abstract
The development of auditory processing in children was investigated in a longitudinal 
study. A group of 20 children with normal cognitive and language development 
underwent several auditory tests at the age of 6, 7, 8, 10 and 12 years. At the age of 10 
three subjects were lost to follow-up as was one more subject at the age of 12. The 
auditory performance of the children was compared to the performance of a group of 20 
adults. The auditory test battery consisted of a speech-in-noise test, a filtered speech 
test, a binaural fusion test and two auditory sequencing tests. At the age of 6, 7 and 8 
years data on the performance on an auditory word discrimination test, an auditory 
synthesis test, an auditory closure test and a number recall test were also obtained. All 
auditory tests except the speech-in-noise test showed a clear effect of age on the 
performance of children. Our data suggest that maturational effects play an important 
role in auditory processing (at least) up to an age of 12-13 years. Correlations between 
the tests are in general not indicative of large amounts of overlap between the different 
tests. Factor analysis shows that three factors account for 68-70% explained variance, 
with the three factors contributing equally. A composite score obtained by averaging all 
(sub)test scores can be used next to the individual test scores to describe development 
of auditory processing abilities in children.
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Introduction
In a previous paper (Stollman et al., 2003) we described the results of a study of 
auditory processing in 6-year-old children with specific language impairment and 
suspected auditory processing disorder and a control group of age-matched children 
with normal cognitive and language development.
We found that the 6-year-old children with language impairment performed 
significantly worse on almost all auditory tests (Stollman et al., 2003), but could not 
determine whether the development of auditory processing in these children was simply 
delayed or actually disturbed, because data for older and younger, normally developing 
children were lacking. Therefore, we were anxious to find out how the auditory 
processing abilities of children would develop over time. Based on the results of 
previous studies of auditory processing abilities in children and adolescents (e.g. Keith, 
1986; Keith, 1995; Keith, 2000; Neijenhuis et al., 2002) and electrophysiological 
studies of the maturation of cortical auditory function (e.g. Cunningham et al., 2000; 
Johnstone et al., 1996; Ponton et al., 1996; Sharma et al., 1997) we expected to find 
significant age effects at least up to the age of 12 years.
In the present study, the 6-year-old control group of children that participated in the 
above-mentioned study was followed over a period of 6 years, in which the children 
were tested five times, at an average age of 6, 7, 8, 10 and 12 years. A group of normal 
hearing adults was also tested. The aims of this investigation were: 1) to describe the 
development of auditory processing abilities in 6- to 12-year-old children, and 2) to 
compare the performance of the children on an auditory test battery with the 
performance of adults.
Subject selection
In this study, auditory tests were administered to two subject groups, a group of 20 
children with normal cognitive and language development (all children were recruited 
from a nearby primary school) and a control group of 20 normal hearing adults.
At every evaluation moment, normal hearing sensitivity was confirmed by means of 
pure tone audiometry, impedance audiometry and speech audiometry. Pure tone 
audiometry was performed using standard procedures and equipment. The audiometer 
(Interacoustics AC-5 with TDH-39P headphone) was calibrated according to ISO 389 
(1987). Tympanograms were classified using Jerger’s classification (Jerger, 1970). The 
speech material used consisted of CVC monosyllables from standard Dutch speech 
audiometry material (Bosman and Smoorenburg, 1992) and was presented at a level of 
60 dBSPL. The measurements were carried out in a double-walled soundproof room.
All subjects showed normal hearing sensitivity (pure tone average at 0.5, 1 and 2 kHz 
(PTA) < 20 dBHL, for both ears), none of the subjects displayed a type B tympanogram 
and all subjects obtained speech recognition scores (percentage of phonemes correctly 
reproduced) of 88% or higher, at any evaluation moment.
The selection of the subjects is described in our previous paper (Stollman et al., 2003). 
In short, first an index of non-verbal intelligence was obtained in the children by 
measuring the performance on the Raven’s Coloured Progressive Matrices (Raven et 
al., 1986). This test is standardized for the Dutch population (Van Bon, 1986). The test 
result is expressed in a percentile score, the RCPM-score. A percentile score of 25 or 
more is considered normal.
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Further, language development of the children was also assessed when the children 
were first tested. The Dutch Language Tests for Children battery was used. This test 
battery comprises subtests that provide information about the child’s receptive and 
expressive language skills in the areas of morphology, syntax and semantics. In total, 6 
subtests were used to cover the above-mentioned language skills. For all subtests, 
normal data is available for children in the age of 4 /  to 7 years, and for some subtests 
up to the age of 10 (Van Bon, 1982). The percentile scores on the three receptive 
language tests were averaged to form the ‘receptive language score’ (RL-score) and the 
same was done for the three expressive language tests (EL-score).
To be included in the subject group, the RCPM-score, RL-score and EL-score all had to 
be greater than 25. Furthermore, subjects were included only if they had no history of 
recurrent otitis media with effusion, no marked behavioral problems and no obvious 
neurological disorders (this was determined by questionnaire). At follow-up, the Raven 
and language tests were not repeated. However, all children were attending a primary 
school and progressing well, suggesting normal cognitive and language development.
In table 5.1, some subject characteristics are shown for the children and the adult 
control group (at the age of 10 three subjects were lost to follow-up as was one more 
subject at the age of 12). For all groups, the number of male and female subjects, the 
median values and the range for the age of the subjects and average hearing sensitivity 
for both ears (PTA = pure tone average at 0.5, 1 and 2 kHz) are shown. The RCPM- 
score and both language scores (RL-score and EL-score) are shown only for the initial 
evaluation as explained above.
Group
Gender
(M/F)
Age
(years;months)
PTA_R
(dBHL)
PTA_L
(dBHL)
RCPM RL-score EL-score
6-year-olds
(N=20) 7/13
6;1
(5;9/6;8)
10
(2/17)
12
(0/17)
78
(34/93)
70
(37/90)
80
(34/97)
7-year-olds
(N=20)
7/13
7;0
(6;7/7;6)
6
(-2/15)
7
(-2/17) - - -
8-year-olds
(N=20) 7/13
8;1
(7;8/8;7)
-5
(-10/10)
-3
(-8/10) - - -
10-year-olds
(N=17)
5/12
9;9
(9;4/10;3)
0
(-5/8)
0
(-7/5) - - -
12-year-olds
(N=16) 4/12
12;1
(11;8/12;8)
-7
(-10/3)
-4
(-10/3) - - -
adults
(N=20)
2/18
22
(18/27)
4
(-7/12)
5
(-7/17) - - -
Table 5.1. Subject characteristics fo r the children and the adults; fo r all variables except the subjects’
gender, the numbers depicted are median values with the range shown between brackets. 
PTA = pure tone average at 0.5, 1 and 2 kHz, RCPM = percentile score on the Raven 
Coloured Progressive Matrices, RL-score = receptive language score, and EL-score = 
expressive language score (both percentile scores).
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Methods
The auditory test battery used in this study consisted of the following tests: a speech-in­
noise test (SIN), a filtered speech test (FS), a binaural fusion test (BF), a frequency 
pattern test (FPT), a duration pattern test (DPT), an auditory word discrimination test 
(AW), an auditory synthesis test (AS), an auditory closure test (AC) and a number 
recall test (NR). The order of presentation was always the same; first the speech-in­
noise test was administered, followed by the filtered speech test, the binaural fusion 
test, the frequency pattern test, and the duration pattern test. The auditory word 
discrimination test, the auditory synthesis test, and the auditory closure test were 
administered in a separate test session the same day. For a detailed description of the 
different tests the reader is referred to our previous paper (Stollman et al., 2003).
Briefly, for the speech-in-noise test, the filtered speech test and binaural fusion test, lists 
of CVC monosyllabes from standard Dutch speech audiometry material (Bosman and 
Smoorenburg, 1992) were used. Each list contains 11 test words preceded by one 
practice word. Subjects were encouraged to guess at the response when they were not 
sure which word they’d heard. The percentage of correctly reproduced phonemes 
determined the score in each test condition. For the speech-in-noise test three signal-to- 
noise ratios (SNR) were used, SNR = 0, -5 and -10 dB. For the filtered speech test, one 
list of low-pass filtered CVC monosyllables was presented to the left ear (FS_L) and 
one to the right ear (FS_R). For the binaural fusion test, the test paradigm was changed 
in the 10- and 12-years-old; in stead of presenting the low band pass part to one ear 
(BF_lo) and the high band pass to the other (BF_hi), both bands were now first 
presented to the left ear (BF_L), then to the right ear (BF_R) and finally, as with the 
other age groups and the adults, the low band pass part was presented to one ear, while 
simultaneously presenting the high band pass to the other ear (BF_lohi).
With the frequency pattern test and the duration pattern test subjects were required to 
reproduce sequences of 3 tone bursts, in which one tone burst had a different frequency 
or duration than the other two. In our study, a verbal response was not required, as 
opposed to the standard response mode when these tests are administered in adults 
(Musiek, 1994); rather, the child could reproduce the patterns heard on a response box. 
For both tests, the percentage of correctly reproduced sequences constituted the score. 
The auditory word discrimination test, the auditory synthesis test and the auditory 
closure test were taken from the Dutch Language tests for Children (Van Bon, 1982) 
and the number recall subtest from the Kaufman ABC (Kaufman and Kaufman, 1983) 
was used. The auditory word discrimination test and the auditory synthesis test were 
administered only at the first three test moments, when the children were 6, 7 and 8 
years old, because there are norms up to the age of 120 months. For the auditory closure 
test there are norms only up to the age of 84 months, so this test was only done at the 
initial evaluation.
Results
Descriptive statistics
In table 5.2, descriptive statistics (median, minimum and maximum value) for all tests 
in the test battery are shown (Statistica for Windows, 1993).
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For further statistical evaluation of the data, non-parametric statistics were chosen 
because the number of subjects in the groups is rather small and several variables do not 
follow a normal distribution, as was confirmed by the Shapiro Wilks statistic.
With the Kruskal Wallis ANOVA by Ranks test we determined that there were no 
significant differences between the female and male subjects in all groups, with the 
exception of the low bandpass condition in the binaural fusion test for the 7-year-olds; 
the median value for the female subjects in this condition was 28%, for the male 
subjects it was 44% (p < 0.01). So in what follows, the data of female and male 
subjects are pooled.
Group AW AS AC NR
6-year-olds
(N=20)
75
(27-99)
62
(11-97)
66
(17-96)
63
(9-95)
7-year-olds
(N=20)
71
(2-96)
94
(66-99)
51
(31-91)
63
(5-99)
8-year-olds
(N=20)
84
(27-96)
92
(67-98) -
63
(37-98)
10-year-olds
(N=17) - - - -
12-year-olds
(N=16) - - - -
adults
(N=20) - - - -
Group 0
) 
3 
ss 
S
(
SIN-5
(%)
SIN-10
(%)
FS L
(%)
FS R
(%)
6-year-olds 87 84 47 69 69
(N=20) (73-100) (67-94) (15-79) (48-94) (52-85)
7-year-olds 88 85 61 66 67
(N=20) (79-97) (76-91) (45-79) (45-91) (45-94)
8-year-olds 85 85 47 79 78
(N=20) (73-91) (73-97) (30-64) (58-94) (36-91)
10-year-olds 82 79 55 85 82
(N=17) (64-91) (73-94) (33-70) (64-97) (64-97)
12-year-olds 76 73 39 85 88
(N=16) (58-91) (64-85) (24-52) (64-94) (67-97)
adults 85 87 63 88 90
(N=20) (67-94) (70-100) (27-79) (67-97) (76-97)
Table 5.2. Continued on the next page.
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Group
BF lo
(%)
BF hi
(%)
BF L
(%)
BF R
(%)
BF lohi
(%)
DPT
(%)
FPT
(%)
6-year-olds
(N=20)
29
(15-42)
27
(12-48) - -
66
(42-76)
19
(7-60)
27
(12-93)
7-year-olds
(N=20)
33
(15-58)
26
(9-42) - -
64
(58-82)
47
(12-78)
54
(12-98)
8-year-olds
(N=20)
35
(12-48)
35
(9-61) - -
67
(52-85)
57
(17-90)
57
(13-100)
10-year-olds
(N=17) - -
73
(45-88)
73
(52-82)
75
(70-84)
79
(21-96)
92
(29-100)
12-year-olds
(N=16) - -
76
(52-91)
76
(55-85)
81
(73-93)
90
(58-100)
89
(27-100)
adults
(N=20)
48
(33-64)
58
(30-79) - -
84
(55-94)
85
(31-100)
97
(64-100)
Table 5.2. Descriptive statistics (median value, with minimum and maximum value between brackets)
fo r all tests in the test battery. AW  = auditory word discrimination test, A S = auditory 
synthesis test, AC = auditory closure test, NR = number recall subtest (AW, AS, AC, and NR 
are all percentile scores), SIN = speech-in-noise test, F S = filtered speech test, BF  = 
binaural fusion test, DPT = duration pattern test, and FPT = frequency pattern test. A dash 
indicates that the test was not administered to this group.
Age effects
We studied the test results on all auditory tests across age using the Kruskal Wallis 
ANOVA by Ranks test. The results of the 10- and 12-year-olds were compared to the 
adults’ scores. The results of these analyses are shown in tables 5.3 and 5.4.
On close inspection of the data in table 5.2, it can be seen that at the age of 12 years, the 
children obtained clearly lower scores in all three conditions of the speech-in-noise test 
than at any other evaluation moment and than the adults did (see also figure 5.1 and 
table 5.3). In retrospect we believe that these lower scores have most likely been caused 
by a problem in the calibration of the speech and noise signals. Therefore, we decided 
not to include the data for the 12-year-olds on the speech-in-noise test in several of the 
further analyses.
Table 5.3 shows that for almost all tests there is a significant difference (p < 0.01) 
between the scores obtained by the children at different evaluation moments. The scores 
on the auditory word discrimination test, the auditory closure test and the number recall 
test do not differ significantly between 6-, 7- and 8-year-olds, which was to be expected 
since these test scores are expressed as percentile scores for each age group. On the 
auditory synthesis test the 6-year-olds’ percentile scores are significantly lower than the 
scores for the 7- and 8-year-olds. This may be due to the fact that, in the Netherlands, 
formal education in reading and writing starts in the third grade, and the 6-year-old 
children in this study were all second graders.
When comparing the 12-year-olds with the adults, the filtered speech test, binaural 
fusion test and frequency and duration pattern test all show similar scores for the 12-
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year-olds and the adults. The same holds true for the 10-year-olds, with the exception of 
the binaural fusion test. The scores on the speech-in-noise test are similar for the 10- 
year-olds and the adults in two of the three conditions.
Test Groups compared Significance level 10-year-olds vs. adults 12-year-olds vs. adults
AW 6-7-8-year-olds n.s. - -
AS 6-7-8-year-olds p  < O.Ol - -
NR 6-7-8-year-olds n.s. - -
S1N0 6-7-8-10-year-olds p  < O.Ol n. s. p  < O.Ol
SlN-5 6-7-8-10-year-olds n.s. p  < O.Ol p  < O.Ol
SlN-10 6-7-8-10-year-olds p  < O.Ol n. s. p  < O.Ol
FS_L 6-7-8-10-12-year-olds p  < O.Ol n. s. n.s.
FS_R 6-7-8-10-12-year-olds p  < O.Ol n. s. n.s.
BF_lo 6-7-8-year-olds n.s. - -
BF_hi 6-7-8-year-olds n.s. - -
BF_lohi 6-7-8-10-12-year-olds p  < O.Ol p  < O.Ol. n.s.
DPT 6-7-8-10-12-year-olds p  < O.Ol n. s. n.s.
FPT 6-7-8-10-12-year-olds p  < O.Ol n. s. n.s.
Table 5.3. Comparison o f  the children's performance at different test moments (Kruskal-Wallis
ANOVA by Ranks, 2nd and 3rd column) and comparison o f  the 10-year-olds resp. 12-year- 
olds with the adult group (Kruskal-Wallis ANOVA by Ranks, 4 resp. 5 column). A W  = 
auditory word discrimination test, A S  = auditory synthesis test, NR = number recall subtest, 
SIN  = speech-in-noise test, F S  = filtered  speech test, B F  = binaural fusion  test, D P T  = 
duration pattern test, and F PT  = frequency pattern test. A  dash indicates that the test was 
not administered to one or both groups; n.s. = not significant (p > 0.01).
In table 5.4 the children’s performance at the different test moments and the adults’ 
performance are compared for all (sub)tests that were found to differ significantly in 
table 5.3. For the sake of compactness the results of two or three (sub)tests are put 
together in each cell. So, in the upper left cell comparing the performance of 6- and 7- 
year-olds on the speech-in-noise test, the first entry is for the 0 dB SNR, the second for 
the -5 dB SNR, and the third for the -10 dB SNR.
Table 5.4 shows that the scores obtained on the speech-in-noise test in general are 
similar across the 6 to 10 years span and also comparable to the adults’ scores. Figure 
5.1 shows individual scores on the speech-in-noise test, in the -5 dB SNR condition.
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FS_L, FS_R, BF_lohi 6-year-olds 7-year-olds 8-year-olds 10-year-olds 12-year-olds
6-year-olds
7-year-olds
8-year-olds * --
10-year-olds * * * * * * - - *
12-year-olds * * * * * * - - *
adults * * * * * * - * * - - *
Table 5.4. Comparison o f  the children’s performance at different test moments; i f  the children’s
performance differed significantly between two test moments, this is indicated with an 
asterisk (p < 0.01), i f  not a dash is shown. Results are indicated fo r the speech-in-noise test, 
the filtered speech and binaural fusion test and fo r the pattern recognition tests. SIN = 
speech-in-noise test, F S = filtered speech test, BF  = binaural fusion test, DPT = duration 
pattern test, and FPT = frequency pattern test.
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Scatterplot of the speech-in-noise test vs. age (-5 dB SNR)
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12 year olds 
adults
Figure 5.1. Scatterplot o f  the phoneme scores on the speech-in-noise test (condition with signal-to-noise 
ratio o f -5 dB) versus age fo r all children and the normal hearing adults.
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For all other tests we find that the scores increase with increasing age (see for example 
figure 5.2, in which individual scores on the duration pattern test are shown). This is 
also indicated in table 5.5 by the significant positive correlations between the auditory 
tests and the age of the subjects. Table 5.5 shows Spearman Rank correlation 
coefficients for the 6-, 7- and 8-year-olds, the 6-, 7-, 8- and 10-year-olds, the 6-, 7-, 8-, 
10- and 12-year-olds and for all subjects taken together (children and adults).
Scatterplot of the duration pattern test vs. age
6 year olds
7 year olds
8 year olds 
10 year olds 
12 year olds 
adults
Age (months)
Figure 5.2. Scatterplot o f  the scores on the duration pattern test (DPT) versus age fo r all children and 
the normal hearing adults.
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Variable 6-7-8-year-olds 6-7-8-10-year-olds 6-7-8-10-12-year-olds All subjects
SIN0 -0.33 -0.44
SIN-5 -0.41
SIN-10 -0.32
FS_L 0.49 0.48 0.52
FS_R 0.44 0.55 0.63
BF_lo 0.48
BF_hi 0.61
BF_lohi 0.45 0.63 0.65
DPT 0.69 0.72 0.79 0.76
FPT 0.35 0.44 0.53 0.63
Table 5.5. Spearman Rank Order Correlations between the auditory tests and age fo r the first three
evaluation moments (2nd column), the first four evaluation moments (3rd column),for all 
evaluation moments (4 column) and fo r all subjects (5 column); only significant 
correlations (p < 0.01) are shown. SIN = speech-in-noise test, FS = filtered speech test, BF  
= binaural fusion test, DPT = duration pattern test, and FPT = frequency pattern test.
Keith (1995, 2000) suggested that the auditory system of normally developing 
individuals is typically mature by age 12 years. Visual inspection of individual data on 
the auditory tests in our test battery seems to agree with Keith. For the filtered speech 
test, the binaural fusion test and the pattern recognition tests, we estimated a so-called 
‘cut-off age’, determined by the point of intersection of the regression line (of test score 
vs. age) based on the children’s data and the median score of the adults.
Variable Slope for the children (%/month) Slope for all subjects (%/month) ‘Cut-off age’ (months)
FS_L 0.24 0.08 156
FS_R 0.29 0.10 154
BF_lohi 0.23 0.08 160
DPT 0.84 0.24 138
FPT 0.62 0.24 160
Table 5.6. Slopes o f  linear regression lines fo r the filtered speech test, the binaural fusion test and the
pattern recognition tests, based on the children’s data (N = 93; 2 nd column) and on all 
subjects' data (N = 113; 3rd column). In the 4th column, the ‘cut-off age’ for the different 
tests is shown, determined by the point o f  intersection o f the linear regression line based on 
the children’s data and the median scores o f  the adult group. F S = filtered speech test, BF = 
binaural fusion test, DPT = duration pattern test, and FPT = frequency pattern test.
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In table 5.6, the slopes of the linear regression lines (in % per month) based on the 
children’s data only and based on all subjects’ data are shown. As an example, look at 
the slope of the DPT; the slope based on the children’s data is 0.84%/month which 
means that, on average, the DPT scores increased by 10% for every year the children 
got older. In the last column, the estimated ‘cut-off age’ is shown to vary between 138 
and 160 months.
Next, we calculated a composite (COMP) score like Keith did in his SCAN and SCAN- 
C (Keith, 1986; Keith, 2000), which is made up by a weighted average of several tests 
in our test battery:
COMP score = [(SIN0+SIN-5+SIN-10)/3 + ( F S L + F S R  + BF_lohi)/3 + (DPT+FPT)/2]/3
The COMP score was calculated for the evaluation moments at 6, 7, 8 and 10 years and 
for the adults. In figure 5.3, a box plot for the composite score is shown. The Kruskal 
Wallis ANOVA by Ranks test showed that the COMP score differs significantly 
between all evaluation moments, except for the comparison of the 7- and 8-year-olds. 
The COMP scores for the adults are significantly higher than the COMP scores at any 
evaluation moment. When the data for the first four evaluation moments and the adults 
are taken together, the COMP score is shown to correlate significantly with age: 
Spearman R = 0.80 (p < 0.01).
Box Plot for the composite score
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Figure 5.3. The composite scores (COMP) for all children and the normal hearing adults are displayed 
in boxplots. The boxes represent 50% o f  the subjects, with the squares showing the median 
values. The whiskers represent the 10- to 90-percentile range.
In figure 5.4, the individual composite score for all children is displayed for the first 
four evaluation moments. It can be seen that in general, there is a steady increase in the 
composite score over time.
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Individual composite scores vs. age for the 6-, 7-, 8- and 10-year evaluation moment
Figure 5.4. Individual composite scores versus age fo r all children, who were tested at the 6-, 7-, 8-, and 
10-year evaluation moment.
Ear effects
Possible differences between left and right ear scores for the filtered speech test were 
investigated for all subjects, by means of the Wilcoxon matched pairs test. For the 10- 
and 12-year-olds the differences between monaural scores for the left and the right ear 
and the binaural scores on the binaural fusion test were also considered.
For the filtered speech test, we did not find a significant difference between left and 
right ear scores, neither for the children nor for the adults. In table 5.2 we can observe 
that the median scores and the range of scores for the left and right ear scores are in fact 
virtually identical for all groups. When we looked at the individual left and right ear 
scores for all 113 subjects we found that 67 (59%) had a left or right ear ‘advantage’ of 
up to 10% and 96 (85%) of up to 20%.
For the binaural fusion test left and right ear scores could only be compared for the 10- 
and 12-year-olds (N = 33) due to the fact that a different test paradigm was used in the 
younger children and the adult group. For the 10- and 12-year-olds we found that the 
monaural scores for the left and the right ear were the same, as can again be appreciated 
by inspection of table 5.2. We found that 26 (79%) children had a left or right ear 
advantage of up to 10% and 29 (88%) of up to 15%. The monaural left ear scores did 
not differ significantly from the binaural scores, but the monaural right ear scores did. 
The monaural right ear scores were significantly lower than the binaural scores; when 
the data from the 10- and 12-year-olds were pooled, this difference was even significant 
at the 1% level.
Correlations and data reduction
Spearman Rank correlation coefficients for the different variables were determined for 
all subjects, as shown in table 5.7. For the speech-in-noise test, data for the children at 
age 12 were not included in the analysis, as explained above. In table 5.7, again only
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significant correlations (p < 0.01) are shown.
Variable SIN0
SIN0 - SIN-5
SIN-5 0.42 - SIN-10
SIN-10 - FS_L
FS_L - FS_R
FS_R 0.43 - BF_lo
BF_lo 0.40 0.46 - BF_hi
BF_hi 0.31 0.45 0.44 - BF_lohi
BF_lohi 0.39 0.57 0.41 0.53 - DPT
DPT 0.32 0.47 0.44 0.49 0.47 - FPT
FPT 0.27 0.48 0.52 0.49 0.46 0.71 -
Table 5.7. Spearman Rank Order Correlations between the auditory tests fo r all subjects (children and
adults); only significant correlations (p < 0.01) are shown. SIN = speech-in-noise test, FS = 
filtered speech test, BF = binaural fusion test, DPT = duration pattern test, and FPT = 
frequency pattern test.
Table 5.7 indicates that the speech-in-noise test does not correlate significantly with any 
of the other tests, whereas all other tests do. If we look at the squared values of R, 
which indicate the amount of overlay of two variables, we see that only for the two 
pattern recognition tests there is a 50% overlap in terms of accounted for variance. The 
next highest overlap between two tests is between the FS_R and BF_lohi tests and 
amounts to only 32%. So, in general most auditory tests in our test battery can be 
considered to be independent of the others. For the 10- and 12-year-olds, the BF_L and 
BF_R scores were shown not to correlate significantly with the BF_lohi scores.
Finally, we performed a factor analysis on the data. In table 5.8, the factor loadings 
(varimax normalized) for all variables on the three factors, extracted by principal 
components analysis, are shown. The analysis was done three times, once with only the 
children, once with all subjects, and once without the data at the 12 year evaluation 
moment. In the table, only significant factor loadings (> 0.6) are shown.
In all three analyses, the same three factors were found to account for 68-70% of 
variance explained, each factor contributing equally. The first factor shows significant 
loadings on the pattern recognition tests, the second factor on the speech-in-noise test 
and the third on the filtered speech test and the binaural fusion test.
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Test Factor 1 Factor 2 Factor 3
All
children
All
subjects
All
subjects-12
All
children
All
subjects
All
subjects-12
All
children
All
subjects
All
subjects-12
SIN0 0.79 0.82 0.86
SIN-5 0.85 0.82 0.80
SIN-10 0.60 0.69
FS_L 0.82 0.71 0.76
FS_R 0.67 0.83 0.79
BF_lohi 0.61 0.65 0.70
DPT 0.84 0.85 0.80
FPT 0.90 0.87 0.81
Expl. Var. 23% 24% 22% 23% 23% 20% 22% 23% 26%
Table 5.8. Factor loadings (varimax normalized) fo r all variables on the three factors extracted by
principal components analysis. The results o f  the factor analysis are shown for all 
children's data ( ‘All children'), fo r all subjects ( ‘All subjects)  and for all subjects but the 
12-year-olds ( ‘A ll subjects-12). Only significant factor loadings (> 0.6) are shown. In the 
last row the proportion o f  variance explained by each factor is shown. SIN = speech-in­
noise test, F S = filtered speech test, BF = binaural fusion test, DPT = duration pattern test, 
and FPT = frequency pattern test.
Discussion
In this longitudinal study the performance of 20 children with normal cognitive and 
language development on several auditory tests was investigated. A group of 6-year-old 
children with normal cognitive and language development was followed over a period 
of 6 years, in which they were tested five times, at an average age of 6, 7, 8, 10 and 12 
years. A group of 20 normal hearing adults was also tested.
Our results indicate that there were no significant differences between the female and 
male subjects in all groups, so the data of female and male subjects were pooled.
Age effects
For all tests in our test battery with the exception of the speech-in-noise test, our data 
indicate that maturational effects play an important role (at least) up to an age of 12-13 
years, which is in good agreement with literature on development of auditory 
processing abilities (Keith, 1986; Keith, 1995; Keith; 2000; Neijenhuis et al., 2002) and 
electrophysiological studies of the maturation of cortical auditory function 
(Cunningham et al., 2000; Johnstone et al., 1996; Ponton et al., 1996; Sharma et al. 
1997). Our data suggest that the speech-in-noise test shows no clear maturation from 
the age of 6 years on, which is in agreement with Amos and Humes (1998), who did not 
find a significant effect of age on the auditory figure-ground test scores in the SCAN in 
6- to 9-year-olds. Speech recognition scores on the speech-in-noise test are comparable 
to the normal data provided by Bosman and Smoorenburg (1992). When sentence
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material is used (e.g. Elliott, 1979), significant age effects have been found in children 
on a speech-in-noise test. In that case, the poorer performance of the younger children 
could at least partly have been the result of their poorer verbal auditory closure ability 
(Elliott, 1995) and/or their incomplete linguistic and cognitive development (Eisenberg 
et al., 2000).
For almost all tests there was a significant difference (p < 0.01) between the scores 
obtained by the children at the five test moments and the adults (tables 5.3 and 5.4). For 
the two pattern recognition tests we found, just as Musiek and Chermak have stated, 
that the performance on these auditory sequencing tasks was highly variable in the 
younger children (Musiek and Chermak, 1994). Even so, several significant differences 
between the different test moments were found, especially for the duration pattern test, 
indicating that such a pattern recognition test can be a useful addition to an auditory test 
battery, even in children as young as 6 years of age.
A composite score was calculated to try and establish an overall index of auditory 
processing ability in children, like Keith has done with the SCAN, SCAN-A and the 
SCAN-C (Keith, 1986; Keith, 1995; Keith, 2000). This composite score also showed a 
significant age effect.
Ear effects
For the filtered speech test, we did not find a significant difference between left and 
right ear scores, neither for the children nor for the adults. This was also found in a 
similar study by Neijenhuis et al. (2002). Overall our data would suggest that the 
difference between both ears on the filtered speech test should be greater than 20% to 
be significant, which is in agreement with previous studies on adults (e.g. Calearo and 
Antonelli, 1963).
For the 10- and 12-year-olds we found that the monaural scores on the binaural fusion 
test were the same for the left and the right ear. Monaural left ear scores did not differ 
significantly from the binaural scores, but monaural right ear scores did. We can offer 
no explanation for this last observation, since previous studies have shown that binaural 
scores should be essentially identical to monaural scores (Smith and Resnick, 1972) or 
even to scores obtained when using the unaltered speech material (Bornstein et al., 
1994).
Correlations and data reduction
Correlational analysis showed that several tests are correlated significantly with each 
other (see table 5.7), but with the exception of the two pattern recognition tests, the 
amount of overlap is limited, so in general each auditory test in our test battery can be 
considered to be rather independent of the others. This would indicate that the use of a 
test battery to describe auditory development in children is useful and probably 
necessary. This is confirmed by a factor analysis showing that three factors account for 
68-70% of variance explained, each factor contributing equally (see table 5.8). The first 
factor shows significant loadings on the pattern recognition tests, the second factor on 
the speech-in-noise test and the third on the filtered speech test and the binaural fusion 
test. The tests in our test battery seem to be probing different aspects of auditory 
processing and should therefore all be included in a test battery to describe auditory 
development.
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Conclusion
The performance of a group of children with normal cognitive and language 
development on several auditory tests was investigated in a longitudinal study and 
compared to a group of adults. As far as we know this is the first study in which the 
auditory development of children is described in a longitudinal study, with a 6 year 
follow-up period.
Our results show that for all tests, with the exception of the speech-in-noise test, 
maturational effects play an important role in auditory processing (at least) up to an age 
of 12-13 years. We believe that the duration and frequency pattern test can be a useful 
addition to an auditory test battery, even in children as young as 6 years of age, despite 
the high variability in scores among these younger children.
Correlational analysis showed that in general each auditory test in our test battery is 
independent of the others. A factor analysis showed that three factors account for 68­
70% of variance explained, each factor contributing equally. The first factor shows 
significant loadings on the pattern recognition tests, the second factor on the speech-in­
noise test and the third on the filtered speech test and the binaural fusion test.
We conclude that all the tests in the test battery described in this paper should be 
retained in the test battery. We acknowledge that the number of subjects in this study 
was small and are currently undertaking a larger study using a test battery similar to the 
one used in this study to provide more reliable data on the effects of age on auditory 
processing abilities.
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Abstract
A recently developed auditory test battery was administered to 6- to 8-year-old children 
with specific language impairment (SLI). The test battery consisted of a speech-in-noise 
test, a filtered speech test, a binaural fusion test and two auditory pattern tests. 
Furthermore, data were gathered on the performance on an auditory word 
discrimination test, an auditory synthesis test, an auditory closure test and a number 
recall test. The performance of the language-impaired children was compared to the 
performance of age-matched controls with normal cognitive and language development. 
Our results show that this group of SLI children obtained scores on almost all tests that 
were significantly lower than the control groups’ results. Correlations between the tests 
are in general not indicative of large amounts of overlap between the different tests. 
Factor analysis shows that three factors account for 62% explained variance. The first 
factor shows significant loadings on the pattern tests, the second factor on the speech- 
in-noise test and the third on the filtered speech test and the binaural fusion test.
The fact that the SLI children obtained scores below the control group’s scores 
indicates that there is either a delay or disorder in the development of auditory skills in 
the SLI children. Our analyses suggest that the SLI children ‘catch up’ with their 
normally developing peers on some tests at an average age of 9-10 years, but seem unable 
to ‘close the gap’ on the auditory pattern tests, which may point to a genuine, prolonged 
auditory temporal processing disorder.
This auditory test battery is not intended to identify children with specific language 
impairment, but could be valuable in the identification of the underlying cause(s) of the 
language impairment. If a child with language impairment is found to perform poorly on 
(some of the tests in) this test battery, specific measures such as improving the listening 
environment, enhancing the auditory signal, and administering auditory training should 
be considered.
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Introduction
Specific language impairment (SLI) is diagnosed when a child fails to make normal 
progress in language learning for no obvious reason (i.e. hearing loss, mental 
retardation, or psychiatric disorder). SLI is estimated to be present in 1 to 15% of all 
children, depending on the severity of the delay in language development (Silva, 1987) 
and a disorder in auditory processing is one of several possible causes for SLI (Bishop, 
1992; Tallal et al., 1993). During the last decade the subject of (central) auditory 
processing disorders has received an enormous amount of attention (e.g. Musiek and 
Chermak, 1994, Jerger, 1998; Bellis and Ferre, 1999; Jerger and Musiek, 2000) because 
of the possible link between auditory processing disorders and learning disabilities in 
general and language impairment in particular (Bishop et al., 1999).
Over the years several test batteries have been developed for testing auditory processing 
abilities in children (Willeford, 1977; Keith, 1986; Domitz and Schow, 2000). The 
value of assessing auditory processing with a test battery approach has repeatedly been 
acknowledged because of the inherent heterogeneity of the population presenting with 
auditory processing problems (Musiek and Chermak, 1994; Bellis and Ferre, 1999; 
Jerger and Musiek, 2000).
However in the Netherlands no test battery for children was available so far. In a 
previous study we described results with an auditory test battery in 6-year-old children 
with normal cognitive and language development and a group of 6-year-old children 
with specific language-impairment (SLI). We found that the 6-year-old SLI children 
obtained scores on almost all tests that were significantly lower than their age-matched 
controls did, but could not determine whether the development of auditory processing 
in these SLI children was simply delayed or actually disturbed, because data for older 
and younger children was lacking (Stollman et al., 2003a).
In a subsequent paper we reported on the results of a longitudinal study of auditory 
processing in children with normal cognitive and language development, who were 
followed over a period of 6 years, in which they were tested five times, at an average 
age of 6, 7, 8, 10 and 12 years. A control group of adults was also tested. For the children 
with normal cognitive and language development most test scores were shown to 
increase gradually over the years until about 12-13 years of age (Stollman et al.,
2003b).
In the present study additional data for 7- and 8-year-old SLI children on the same 
auditory test battery were collected. Together with the data for the 6-year-olds these data 
are used to study the development of auditory processing in this group of language- 
impaired children and compare their performance to the normal data obtained in our 
previous study (Stollman et al., 2003b).
Subject selection
In this study, auditory tests were administered to language-impaired children with normal 
cognitive development. All children were attending a special school for hearing-impaired 
children and children with speech and language problems. Twenty children were tested at 
the age of 6 years, 10 at the age of 7 years, and 12 at the age of 8 years, in a semi­
longitudinal design: one of the 6-year-olds was tested again at the age of 7 years and 6 
were tested again at the age of 8 years; 6 of the (newly recruited) 7-year-olds were tested 
again at the age of 8 years. So, in all, 13 children were tested twice and 16 were only 
tested once.
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Exact criteria for the presence of specific language impairment (SLI) are not clearly 
stipulated, i.e. when is the delay in language development severe enough to justify the 
diagnosis SLI? As in our previous study (Stollman et al., 2003a) we adopted the definition 
of a significant language delay/disorder as proposed by Schlichting and Smeets (1992): 
language development (receptive and or expressive) should be delayed by at least 25% 
compared to non-verbal development.
Normal hearing sensitivity was confirmed by means of pure tone audiometry, 
impedance audiometry and speech audiometry. Pure tone audiometry was performed 
using standard procedures and equipment. The audiometer (Interacoustics AC-5 with 
TDH-39P headphone) was calibrated according to ISO 389 (1987). Tympanograms 
were classified using Jerger’s classification (Jerger, 1970). The speech material used 
consisted of CVC monosyllables from standard Dutch speech audiometry material 
(Bosman and Smoorenburg, 1992) and was presented at a level of 60 dBSPL. The 
measurements were carried out in a double-walled soundproof room. All subjects 
showed normal hearing sensitivity (pure tone average at 0.5, 1 and 2 kHz (PTA) < 20 
dBHL, for both ears), none of the subjects displayed a type B tympanogram and all 
subjects obtained speech recognition scores (percentage of phonemes correctly 
reproduced) of 88% or higher.
As described in our previous paper (Stollman et al., 2003a), an index of non-verbal 
intelligence was obtained by measuring the performance on the Raven’s Coloured 
Progressive Matrices (Raven et al., 1986). This test is standardized for the Dutch 
population (Van Bon, 1986). The test result is expressed in a percentile score. A percentile 
score of 25 or more is considered normal. This test was only administered when a child 
entered the study.
Language development of the children was also assessed only when the children were first 
tested. The Dutch Language Tests for Children battery was used (Van Bon, 1982). This 
test battery comprises subtests that provide information about the child’s receptive and 
expressive language skills in the areas of morphology, syntax and semantics. In total, 6 
subtests were used to cover the above-mentioned language skills. For all subtests, normal 
data is available for children in the age of 4Vi to 7 years (and for some subtests up to the 
age of 10). The percentile scores on the three receptive language tests were averaged to 
form the ‘receptive language score’ (RL-score) and the same was done for the three 
expressive language tests (EL-score). To be included in the subject group, either the 
child’s RL-score or the EL-score had to be below 75% of the RCPM-score, in accordance 
with the chosen definition for SLI.
Furthermore, subjects had to have no marked behavioural problems and no obvious 
neurological disorders (this was determined by questionnaire).
Finally, because several auditory tests required a verbal response from the children, the 
abridged version of the Utrecht Articulation Assessment (Peddemors-Boon et al., 1977) 
was administered to all newly recruited children. If a child presented with severe 
articulation problems, he or she was excluded from the study.
In table 6.1, some subject characteristics are shown. For all three groups, the number of 
male and female subjects is indicated. Median values, percentiles P10 and P90, and 
minimum and maximum values are shown for the age of the subjects, average hearing 
sensitivity for both ears (PTA = pure tone average at 0.5, 1 and 2 kHz), the percentile 
score on the Raven Coloured Progressive Matrices (RCPM) and both language scores
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(RL-score and EL-score). The RCPM-score, RL-score and EL-score are shown only for 
the 6- and 7-year-old children as explained above.
Group
Gender
(M/F)
Age
(years;months)
PTA_R
(dBHL)
PTA_L
(dBHL)
RCPM RL-score EL-score
6-year-olds
(N=20)
14/6
Median 6;0 8 9 63 30 12
P10/P90 5;8/6;7 3/13 2/16 36/94 11/55 2/39
Min/Max 5;6/6;7 2/15 0/18 33/96 4/69 0/56
7-year-olds
(N=10)
7/3
Median 7;2 5 8 85 36 26
P10/P90 6;8/7;9 -5/13 -2/16 52/92 19/44 10/67
Min/Max 6;8/7;9 -7/13 -5/17 52/92 19/44 10/67
8-year-olds
(N=12)
8/4
Median 8;1 -3 -2 - - -
P10/P90 7;10/8;10 -5/0 -5/0 - - -
Min/Max 7;9/9;0 -7/7 -7/2 - - -
Table 6.1. Subject characteristics fo r the language-impaired children; fo r all three groups, the first
row shows the median values, the second row the P10 and P90 values and the third row 
minimum and maximum values. PTA = pure tone average at 0.5, 1 and 2 kHz, RCPM = 
percentile score on the Raven Coloured Progressive Matrices, RL-score = receptive 
language score, and EL-score = expressive language score (both percentile scores).
Methods
The auditory test battery used in this study consisted of the following tests: a speech-in­
noise test (SIN), a filtered speech test (FS), a binaural fusion test (BF), a frequency 
pattern test (FPT) and a duration pattern test (DPT) (Musiek, 1994), an auditory word 
discrimination test (AW), an auditory synthesis test (AS), an auditory closure test (AC) 
and a number recall test (NR). For a detailed description of the different tests the reader 
is referred to our previous paper (Stollman et al., 2003a).
In the 6- and 7-year-olds who were tested for the first time (i.e. N = 29) we also used a 
visual pattern test (VPT), which was analogous to the DPT, except that the stimuli were 
short and long rectangles presented sequentially on a computer display.
The auditory word discrimination test, the auditory synthesis test and the auditory closure 
test were taken from the Dutch Language tests for Children (Van Bon, 1982) and the 
number recall subtest from the Kaufman ABC (Kaufman and Kaufman, 1983). For the 
auditory closure test there are norms up to the age of 84 months, so for this test percentile 
scores could only be obtained for the 6-year-olds. For reference purposes, results from a 
previous study on the development of auditory processing in 6- to 12-year-old children 
with normal cognitive and language development (Stollman et al., 2003b) are used 
throughout this paper.
Results
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Descriptive statistics
In table 6.2, descriptive statistics (median values, percentiles P10 and P90, and 
minimum and maximum values) for all tests in the test battery are shown.
For further statistical evaluation of the data non-parametric statistics (Statistica for 
Windows, 1993) were chosen because the number of subjects in the groups is rather 
small and several variables do not follow a normal distribution (as confirmed by the 
Shapiro Wilks statistic).
With the Kruskal Wallis ANOVA by Ranks test we determined that there were no 
significant differences between the female and male subjects in all three groups. So in 
what follows, the data of female and male subjects are pooled.
Group AW AS AC AC_ss* NR*
6-year-olds
(N=20)
Median 30 39 2 9 5
P10/P90 4/69 7/93 0/21 4/16 1/31
Min/Max 0/89 0/99 0/38 3/18 0/75
7-year-olds
(N=10)
Median 19 35 - 16 17
P10/P90 0/70 13/88 - 8/23 7/50
Min/Max 0/85 4/90 - 6/24 5/50
8-year-olds
(N=12)
Median 53 56 - 21 37
P10/P90 9/82 7/67 - 16/26 5/50
Min/Max 5/83 1/73 - 9/27 0/50
Group
SIN0
(%)
SIN-5*
(%)
SIN-10
(%)
FS L
(%)
FS R* 
(%)
6-year-olds
(N=20)
Median 79 73 41 55 52
P10/P90 67/88 61/81 24/55 33/70 36/76
Min/Max 61/94 55/82 24/61 15/79 30/82
7-year-olds
(N=10)
Median 78 81 47 66 64
P10/P90 72/90 67/87 29/55 49/82 44/75
Min/Max 70/91 67/88 24/55 42/85 39/76
8-year-olds
(N=12)
Median 76 82 42 64 69
P10/P90 61/85 67/91 36/52 45/79 55/82
Min/Max 61/94 52/94 30/55 45/85 39/88
Table 6.2. Continued on the next page.
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Group
BF lo* 
(%)
BF hi
(%)
BF lohi*
(%)
DPT*
(%)
FPT*
(%)
VPT*
(%)
6-year-olds
(N=20)
Median 26 17 50 10 13 81
P10/P90 11/35 6/33 27/60 0/19 0/24 40/96
Min/Max 3/39 6/39 12/67 0/21 0/31 31/100
7-year-olds
(N=10)
Median 24 26 63 18 13 93
P10/P90 14/42 11/35 39/76 2/43 2/32 74/100
Min/Max 12/45 6/36 30/85 0/63 0/33 74/100
8-year-olds
(N=12)
Median 35 21 64 20 27 -
P10/P90 24/52 12/48 55/76 17/60 17/87 -
Min/Max 21/58 9/52 55/79 7/73 10/97 -
Table 6.2. Descriptive statistics (median value, P10 andP90, minimum and maximum values) fo r all
tests fo r the language-impaired children. AW  = auditory word discrimination test, A S = 
auditory synthesis test, AC = auditory closure test, AC_ss = auditory closure test 
(sumscore), NR = number recall subtest (AW, AS, AC, and NR are all percentile scores), SIN 
= speech-in-noise test, FS = filtered speech test, BF = binaural fusion test, DPT = duration 
pattern test, FPT = frequency pattern test, and VPT = visual pattern test. An asterisk (*) 
behind the name o f  the test indicates that the groups differ significantly on this test (p <
0.05).
Age effects
We compared the test results on all auditory tests across the children’s groups using the 
Kruskal Wallis ANOVA by Ranks test. The results of these analyses are shown in table
6.3.
Table 6.3 shows that the scores obtained by 6-, 7- and 8-year-old SLI children on the 
speech-in-noise and the filtered speech (sub)tests did not or only marginally (p < 0.05) 
differ. Percentile scores on the auditory word discrimination test, the auditory synthesis 
test and the number recall test were not significantly different between the three age 
groups, indicating that the children showed progression in these skills over time. The sum 
score on the auditory closure test (this is a raw score) was significantly higher in the 7- 
and 8-year-olds when compared to the 6-year-olds. Test scores on the binaural fusion 
condition of the BF (BF_lohi) and both auditory pattern tests (FPT and DPT) showed a 
significant difference between the three age groups; for all three (sub)tests, the most 
significant group difference was found between the 6- and 8-year-olds.
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Test Significance level 6- vs. 7-year-olds 6- vs. 8-year-olds 7- vs. 8-year-olds
AW n.s.
AS n.s.
ss1
o
A p  < 0.01 p  < 0.01 p  < 0.01 p  < 0.05
NR p  < 0.05 p  < 0.05 p  < 0.05 n. s.
SIN0 n.s.
SIN-5 p  < 0.05 n. s. p  < 0.05 n. s.
SIN-10 n.s.
FS_L n.s.
FS_R p  < 0.05 n. s. p  < 0.05 n. s.
BF_lo p  < 0.05 n. s. p  < 0.05 n. s.
BF_hi n.s.
BF_lohi p  < 0.01 p  < 0.05 p  < 0.01 n. s.
DPT p  < 0.01 n. s. p  < 0.01 n. s.
FPT p  < 0.01 n. s. p  < 0.01 p  < 0.05
VPT p  < 0.05 p  < 0.05 - -
Table 6.3. Comparison o f the performance o f  the three groups o f  language-impaired children (N = 42;
Kruskal-Wallis ANOVA by Ranks). In the second column, the significance level is displayed 
(n.s. = not significant (p > 0.05)). For the VPT, only data fo r the 6- and 7-year-olds are 
compared (see text). The last three columns show which o f  the individual groups differ 
significantly (p < 0.05) from each other. AW  = auditory word discrimination test, A S = 
auditory synthesis test, AC_ss = auditory closure test (sumscore), NR = number recall 
subtest, SIN = speech-in-noise test, FS = filtered speech test, BF  = binaural fusion test, DPT 
= duration pattern test, FPT = frequency pattern test, and VPT = visual pattern test.
For the further statistical analyses a composite (COMP) score, which is made up by a 
weighted average of several tests in our test battery, was calculated for all SLI children 
as we did in our previous paper (Stollman et al., 2003b):
COMP score = [(SIN0+SIN-5+SIN-10)/3 + ( F S L + F S R  + BF_lohi)/3 + (DPT+FPT)/2]/3
To describe the effect of age on the test scores and the COMP score obtained by the SLI 
children further we determined Spearman Rank correlation coefficients for the SLI 
children and for the 6-, 7- and 8-year-old control children (data taken from Stollman et al., 
2003b)). Table 6.4 shows all significant correlation coefficients (*: p  < 0.05, # p  < 0.01) 
between the auditory tests and age.
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Variable 6-7-8 year-old LI children 6-7-8 year-old controls
AW
AS
AC_ss 0.73# 0.66#
NR 0.34*
SIN0
SIN-5 0.36*
SIN-10
FS_L 0.37* 0.31*
FS_R 0.44#
BF_lo 0.36*
BF_hi
BF_lohi 0.59#
DPT 0.60# 0.69#
FPT 0.34* 0.35#
COMP 0.74# 0.54#
Table 6.4. Spearman Rank Order Correlations between the auditory tests and age fo r the language-
impaired children (N = 42; 2nd column) and fo r 6- to 8-year-old children with normal 
cognitive and language development (N = 60; 3rd column; data taken from Stollman et al., 
2003b); only significant correlations ( :  p  < 0.05; #: p  < 0.01) are shown. A W  = auditory 
word discrimination test, A S  = auditory synthesis test, AC = auditory closure test, AC_ss = 
auditory closure test (sumscore), NR = number recall subtest, SIN = speech-in-noise test, FS  
=filtered speech test, BF = binaural fusion test, DPT = duration pattern test, FPT = 
frequency pattern test, and COMP = composite score.
In both groups, the auditory closure test (sum score), the auditory pattern tests and the 
COMP score correlated significantly with age at the 1% level, but for the SLI children 
there were also several other (sub)tests that showed a clear influence of age on the 
scores, in particular the filtered speech test (right ear data) and the binaural fusion test 
(BF_lohi condition).
Ear effects
Possible differences between left and right ear scores for the filtered speech test were 
investigated by means of the Wilcoxon matched pairs test. No significant differences 
were found between left and right ear scores. In table 6.2 we can observe that the 
median scores and the range of scores for the left and right ear scores are in fact 
virtually identical for all three groups.
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Differences between SLI children and age-matched control groups 
In table 6.5 the median test scores of the 6-, 7- and 8-year-old SLI children and the age- 
matched control groups (data taken from Stollman et al., 2003b) are compared. Table 
6.5 indicates that the SLI children obtained scores significantly below their age- 
matched controls for most of the (sub)tests in our test battery. For some (sub)tests, e.g. 
the binaural fusion test (BF_lohi condition) and the filtered speech test (right ear data), 
only the data for the 6-year-olds showed a significant difference between both groups, 
which is in agreement with the correlational analysis in table 6.4.
Test 6-year-olds 7-year-olds 8-year-olds
SLI (N = 20) Controls SLI (N = 10) Controls SLI (N = 12) Controls
AW 30 75 19 71 53 84
AS 39 62 35 94 56 92
AC 2 66 - - - -
AC ss 9 22 16 24 21 27
NR 5 63 17 63 37 63
SIN0 79 87 78 88 76 85
SIN-5 73 84 81 85 82 85
SIN-10 41 47 47 61 42 47
FS_L 55 69 66 66 64 79
FS_R 52 69 64 67 69 77
BF_lo 26 29 24 33 35 34
BF_hi 17 27 26 26 21 35
BF_lohi 50 66 63 64 64 67
DPT 10 19 18 47 20 57
FPT 13 27 13 54 27 57
VPT 81 - 93 93 - -
COMP 42 53 49 65 54 67
Table 6.5. Comparison o f  the median test scores o f  the language-impaired children and a group o f
control children (N = 20; data taken from Stollman et al., 2003b), fo r the three age groups 
separately. Significant group differences (Kruskal-Wallis ANOVA by Ranks) are in italic 
typeface (p < 0.05) or in underlined italic typeface (p < 0.01). A W  = auditory word 
discrimination test, A S  = auditory synthesis test, AC = auditory closure test, AC_ss = 
auditory closure test (sumscore), NR = number recall subtest, SIN = speech-in-noise test, FS  
=filtered speech test, BF = binaural fusion test, DPT = duration pattern test, FPT = 
frequency pattern test, VPT = visual pattern test, and COMP = composite score.
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In figure 6.1, a box plot for the COMP score for the SLI children is shown, together 
with the COMP scores for 6-, 7- and 8-year-old controls as well as the adult control 
group (data taken from Stollman et al., 2003b).
Visual inspection of figure 6.1 suggests that the COMP scores for the SLI children were 
significantly lower for all three age groups when compared to the age-matched control 
groups. This was confirmed by the Kruskal Wallis ANOVA by Ranks test (see table 
6.5), which also showed that the COMP score differed significantly between 6-, 7- and 
8-year-old SLI children.
Box Plot for the composite score
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Figure 6.1. Descriptive measures o f the composite scores (COIMP score) are displayed in boxplots for 
the 6- to 8-year-old children (SLI and control) and fo r the normal hearing adults. The boxes 
represent 50% o f  the subjects, with the squares showing the median values. The whiskers 
represent the 10- to 90-percentile range.
The fact that the SLI children obtained scores below the control groups’ scores 
indicates that there possibly is a delay in the development of auditory skills in this 
group of SLI children. The central question is whether this delay changes over time or 
not. If the delay decreases over time, then we may conclude that the SLI children ‘catch 
up’ with their normally developing peers and that, eventually, they will be as proficient at 
processing auditory information (as measured by the present test battery) as the controls. If 
not, we might speculate that these SLI children show signs of a true, prolonged auditory 
processing disorder.
To determine the magnitude of the delay of the SLI children, linear regression equations 
were calculated for the control children for all (sub)tests shown in table 6.4 to correlate 
significantly (p < 0.01) with age for either the SLI or the control children. In table 6.6, 
these regression equations are displayed together with the average delay of the 13 SLI 
children who were tested twice at their first and their second evaluation. The results for the 
COMP score are also shown. The average delay of the SLI children at the first and second 
evaluation moment was determined by substituting the score of the SLI child in the
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regression equation of the control children and thereby calculating the age at which an 
‘average’ control child would obtain this score. Subtracting this ‘control age’ from the 
actual age of the SLI child in question yielded the delay (in months).
For the AC_ss, the FS_R and the BF_lohi (sub)test scores the delay calculated this way 
decreased substantially from the first to the second evaluation moment. For the auditory 
pattern tests this was not found. The average delay for the COMP score decreased only 
marginally from the first to the second evaluation moment. For the AC_ss, FS_R and 
BF_lohi test scores the (extrapolated) age at which the SLI children seemed to ‘catch 
up’ with the controls was around 9-10 years. The auditory pattern test data suggest that 
the SLI children exhibit a genuine disorder in this area of auditory processing.
Variable Regression equation for controls
Average delay 
at 1st evaluation
Average delay 
at 2nd evaluation
AC_ss 9+0.18*age 65 29
FS_R 45+0.29*age 47 15
BF_lohi 54+0.15*age 63 24
DPT -89+1.55*age 14 17
FPT -31+0.96*age 32 24
COMP 21+0.50*age 28 26
Table 6.6. Linear regression equations fo r the different tests and the COMP score vs. age (in months),
based on the control children’s data (N = 20; 2 column). In the 3  and 4 columns, the 
average calculated delays (in months) fo r the 13 language-impaired children who were 
tested twice compared to the control children are shown for the different tests. AC_ss = 
auditory closure test (sumscore), FS_R = filtered speech test (right ear), BF_lohi = binaural 
fusion test (binaural fusion condition), DPT = duration pattern test, FPT = frequency 
pattern test, and COMP = composite score.
Correlations and data reduction
Next, Spearman Rank correlation coefficients for the different test scores were 
determined for all SLI children, as shown in table 6.7 (because of the large number of 
evaluations we adhered to a more strict significance level of 1% in this table; with a 5% 
significance level 4 correlation coefficients would be ‘significant’ by chance alone).
Table 6.7 shows that for this group of SLI children most subtests did not correlate 
significantly with each other. This was in contrast with the results for the 6- to 12-year- 
old controls tested with the same test battery (Stollman et al., 2003b), where we found 
that only the speech-in-noise test did not correlate significantly with any of the other 
tests, whereas all other tests did.
When we calculated the squared values of the correlation coefficients, which indicate 
the amount of overlay of two variables, we could see that the highest overlap between 
two tests is between the FS_L and BF_lohi subtests and amounted to only 35%. So, in 
general most auditory tests in our test battery could be considered to be independent of 
the others, as was also concluded in our longitudinal study in normally developing
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children (Stollman et al., 2003b).
Variable AC_ss
“
l
Ü<
- NR
NR 0.49 - SIN0
SIN0 - SIN-5
SIN-5 - SIN-10
SIN-10 0.42 0.43 0.41 - FS_L
FS_L - FS_R
FS_R - BF_lo
BF_lo 0.52 - BF_hi
BF_hi - BF_lohi
BF_lohi 0.50 0.59 0.48 - DPT
DPT 0.48 - FPT
FPT 0.40 -
VPT 0.54 0.51
Table 6.7. Spearman Rank Order Correlations between auditory subtests o f  the Dutch Language Tests
for children, the Number Recall test and auditory tests fo r all language-impaired children 
(N = 42); only significant correlations (p < 0.01) are shown. AC_ss = auditory closure test 
(sumscore), NR = number recall subtest, SIN = speech-in-noise test, FS = filtered speech 
test, BF  = binaural fusion test, DPT = duration pattern test, FPT = frequency pattern test, 
and VPT = visual pattern test.
McFarland and Cacace (1997) argued that auditory and visual pattern recognition may 
rely on common processing requirements (memory processes not specific to a given 
sensory modality). In our test battery, the visual pattern test (VPT) was administered in 
order to try and see whether the observed poorer performance on the auditory pattern 
tests (DPT and FPT) for the SLI children was due to the auditory presentation or caused 
by the general test set up. This test was also administered to 7-year-old controls 
(Stollman et al., 2003b). With the Wilcoxon Matched Pairs tests it was shown that, for the 
6- and 7-year-old SLI children as well as for the 7-year-old controls, DPT and FPT scores 
did not differ significantly, whereas both DPT and FPT scores were significantly (p < 
0.01) lower than VPT scores, see also figure 6.2.
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Box Plot for the DPT, FPT and VPT
7-year-old controls and 6- and 7-year-old SLI children
□ DPT
A FPT
O VPT
Group
Figure 6.2. Descriptive measures o f the scores on the pattern tests (DPT = duration pattern test; FPT = 
frequency pattern test, and VPT = visual pattern test). Scores are displayed in boxplots for 
the 6- and 7-year-old SLI children together with the scores fo r  the 7-year-old control 
children. The boxes represent 50% o f  the subjects, with the squares, triangles and diamonds 
showing the median values. The whiskers represent the 10- to 90-percentile range.
These results together with the fact that the 7-year-old SLI children scored significantly 
lower on the auditory pattern tests than their age-matched controls but not on the visual 
pattern test (see table 6.5) would suggest that it was indeed the auditory presentation 
mode that caused the SLI children to perform so poorly on the auditory pattern tests.
Next, we performed a factor analysis on the data of all subjects. In table 6.8, the factor 
loadings (varimax normalized) for all variables on the three factors, extracted by 
principal components analysis, are shown. For comparison, the results for the 6- to 8- 
year-old controls (data taken from Stollman et al., 2003b) are also displayed in the 
table.
The three factors accounted for 62% of variance explained. For the 6- to 8-year-old 
controls the three factors extracted were very similar and accounted for 52% of variance 
explained.
Factor 1 showed significant loadings on the auditory pattern tests, factor 2 on the 
speech-in-noise test and factor 3 on the filtered speech test and the binaural fusion test.
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Factor 1 Factor 2 Factor 3
Test/Group LI children Controls LI children Controls LI children Controls
SIN0 0.81 0.72
SIN-5 0.71
SIN-10 0.82
FS_L 0.78 0.65
FS_R 0.71 0.61
BF_lo 0.70
BF_hi 0.60
BF_lohi 0.74 0.69
DPT 0.78 0.84
FPT 0.83 0.88
Expl. Var. 18% 19% 17% 17% 27% 16%
Table 6.8. Factor loadings (varimax normalized) fo r all variables on the three factors extracted by
principal components analysis fo r the 6- to 8-year-old language-impaired children. Only 
significant factor loadings (> 0.6) are shown. In the last row the proportion o f  variance 
explained by each factor is shown. For comparison, the results fo r the 6- to 8-year-old 
controls (data from Stollman et al., 2003b) are also shown. SIN = speech-in-noise test, FS = 
filtered speech test, BF = binaural fusion test, DPT = duration pattern test, and FPT = 
frequency pattern test.
Finally, in figure 6.3, the individual composite scores for the 13 SLI children who were 
tested twice are displayed, using line plots connecting the data of individual children at 
each test moment. For reference, the 10th, 50th (median) and 90th percentile scores for 
the 6- to 8-year-old control children’s COMP score are also shown. It can be seen that, 
although all 13 children showed an increase in the COMP score over time, there was 
considerable variation in improvement of the COMP score.
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Individual composite scores vs. age for 13 language-impaired children
Figure 6.3. Individual composite scores versus age fo r the 13 children who were tested twice. Also 
shown are the 10-, 50-, and 90-percentiles fo r normal children.
Discussion
In this study the performance of language-impaired children with normal cognitive 
development (specific language impairment, SLI) on several auditory tests was 
investigated. Twenty children were tested at the age of 6 years, 10 at the age of 7 years, 
and 12 at the age of 8 years, in a semi-longitudinal design: one of the 6-year-olds was 
tested again at the age of 7 years and 6 were tested again at the age of 8 years; 6 of the 
(newly recruited) 7-year-olds were tested again at the age of 8 years. So, in all, 13 children 
were tested twice and 16 were only tested once. Our results indicate that there were no 
significant differences between the female and male subjects in all groups.
Tables 6.2 and 6.3 shows that the language-impaired children obtained (nearly) similar 
scores at 6, 7 and 8 years of age on several subtests (e.g. two conditions of the speech- 
in-noise test and the left ear data of the filtered speech test), but that the 8-year-olds 
scored significantly higher on the binaural fusion condition of the binaural fusion test 
and the auditory pattern tests than the 6-year-olds did. The sum score on the auditory 
closure test was significantly higher in the 7- and 8-year-olds when compared to the 6- 
year-olds.
Table 6.4 indicates that for both the SLI group as well as a control group (data from 
Stollman et al., 2003b) the auditory closure test (sum score), the auditory pattern tests 
and the composite (COMP) score showed a highly significant correlation with age (p <
0.01). For the FPT, Musiek (1999) published cut off norms for 8-, 9-, 10- and 11-year- 
olds, indicating that performance for normally developing children increases gradually 
with age up to at least 10-11 years of age, which is in agreement with the strong age 
effect we found in our 6- to 8-year-olds.
Table 6.5 indicates that the SLI children obtained scores significantly below their age- 
matched controls for most of the (sub)tests in our test battery. The COMP scores for the 
SLI children are also significantly lower for all three age groups when compared to the 
age-matched control groups and differ significantly between 6-, 7- and 8-year-old SLI 
children.
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Our analyses in table 6.6 show that the SLI children seem to ‘catch up’ with their 
normally developing peers on some tests at an average age of 9-10 years, but seem unable 
to ‘close the gap’ on other tests (e.g. the auditory pattern tests), which may point to a 
genuine, prolonged auditory temporal processing disorder (Tallal et al., 1993). The fact 
that the 7-year-old SLI children scored significantly lower on the auditory pattern tests 
than their age-matched controls but not on the visual pattern test (see table 6.5) would 
suggest that this disorder is indeed primarily an auditory processing disorder and not a 
more general cognitive or memory dysfunction (Musiek, 1999). We did find that the 
performance on the auditory pattern tests was highly variable in our group of language- 
impaired children, as stated by Musiek and Chermak (1994) and also seen in our 
longitudinal study data (Stollman et al., 2003b). But, as we stated in our longitudinal 
study, our data indicate that these pattern test can be a useful addition to an auditory test 
battery, even in children as young as 6 years of age, since both pattern tests, but especially 
the duration pattern test, show a significant effect of age on test scores and significantly 
lower test scores for the language-impaired children compared to the age-matched controls 
(see tables 6.4 and 6.5).
In our longitudinal study in normally developing children (Stollman et al., 2003b) we 
found that most subtests did not correlate significantly with each other. The same was 
found in the group of language-impaired children in this study (see table 6.7), so again 
we conclude that most auditory tests in our test battery can be considered to be 
independent of the others. This would indicate that the use of a test battery to describe 
auditory development in children is useful and probably necessary. This is confirmed 
by a factor analysis showing that three factors account for 62% of variance explained 
(see table 6.8), the first factor showing significant loadings on the pattern tests, the 
second factor on the speech-in-noise test and the third on the filtered speech test and the 
binaural fusion test.
As Jerger has pointed out, it can be difficult to compare the performance of younger 
children to age-appropriate norms, because the ‘norms can be so wide that there is little 
area for abnormality to appear’. He suggested that a far better approach is to let the 
child serve as his or her own control, e.g. by ‘seeking asymmetries in performance for 
left and right inputs’ (Jerger, 1998). When we compared the right ear and left ear data 
on the filtered speech test, we did not find a significant difference for either the SLI 
children in this study or the control children from our longitudinal study with 6- to 12- 
year-olds (Stollman et al., 2003b).
Since the groups of language-impaired children in this study were small one must be 
careful not to draw any general conclusions about a possible link between auditory 
processing and language problems in the heterogeneous population of language- 
impaired children (Bishop et al., 1999). We would like to stress that we believe that the 
linguistic demands of the tests in our auditory test battery are in general minimal, with 
the exception of the auditory closure test. Memory load may have been a factor in the 
auditory pattern tests (and of course in the number recall test). The fact that no 
significant correlation was found between the scores on the number recall test and the 
frequency pattern test and the visual pattern test, together with the modest correlation 
between the number recall test and the duration pattern test (see table 6.7) would 
however suggest that sequential memory was not an important factor in the
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performance on the auditory pattern tests. The above-mentioned would lead us to 
conclude that a child performing poorly on this test battery may indeed have a specific 
auditory processing disorder.
Conclusion
Our results show that this group of SLI children obtained scores on almost all auditory 
tests that were significantly lower than the age-matched control groups’ results. 
Correlations between the tests were in general not indicative of large amounts of 
overlap between the different tests. Factor analysis shows that three factors account for 
62% explained variance. The first factor shows significant loadings on the pattern tests, 
the second factor on the speech-in-noise test and the third on the filtered speech test and 
the binaural fusion test. We conclude that all the tests in the test battery described in 
this paper should be retained in the test battery to describe auditory development as 
completely as possible.
Our analyses suggest that in this group of language-impaired children there may be a 
genuine auditory temporal processing disorder, as has been suggested by several studies 
before (Lubert, 1981; Tallal et al., 1993; Tallal, 2000). It is therefore that we endorse the 
use of the duration and frequency pattern test in an auditory test battery, as Jerger and 
Musiek have (Jerger and Musiek, 2000); our data indicates that these tests are even 
valuable in children as young as 6 years of age, despite the high variability in scores 
among these younger children.
This auditory test battery is not intended to identify children with specific language 
impairment, but could be valuable in the identification of the underlying cause(s) of the 
language impairment. If a child with language impairment is found to perform poorly on 
(some of the tests in) this test battery, specific measures such as improving the listening 
environment, enhancing the auditory signal (e.g. with assistive listening devices), and 
administering auditory training should be considered.
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Abstract
This article describes the development and results of a pilot study with a recently 
developed auditory test battery for 4- to 6-year-old Dutch children. The test battery 
consisted of a sustained auditory attention test (SAA), a dichotic words test (DW), a 
binaural masking level difference test (BMLD), an auditory word discrimination test 
(AWD), a gap detection test (GD) and a test of phonemic awareness, the Lindamood 
Auditory Conceptualization test (LAC).
Our results show that this test battery can be administered successfully to children aged 
4 years and older. Most tests showed a clear effect of chronological age; the strongest 
age effects were found for the dichotic words test and the Lindamood Auditory 
Conceptualization test. The binaural masking level difference test was the only test for 
which no significant age effect was found in this group of children. A small, but 
significant right ear advantage was found on the dichotic words test, for the 4- and the 
6-year-olds. Correlations between subtests were in general rather high, suggesting that 
several tests in this test battery may be tapping into similar auditory abilities.
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Introduction
In the Netherlands, several experiments aimed at investigating auditory processing in 
children have been conducted in the past few years. Recently, useful auditory test 
batteries have been developed for use in Dutch children aged 6 years and older 
(Stollman et al., 2003a; Stollman et al., 2003b; Van Velzen et al., 1995) and for Dutch 
adolescents and adults (Neijenhuis et al., 2001; Neijenhuis et al., 2002). These test 
batteries are similar to auditory test batteries previously developed for the English 
speaking population (Domitz and Schow, 2000; Keith, 1986; Keith, 1995; Keith, 2000; 
Willeford, 1977). The value of assessing auditory processing with a test battery 
approach has repeatedly been acknowledged because of the inherent heterogeneity of 
the population presenting with auditory processing problems (Bellis and Ferre, 1999; 
Jerger and Musiek, 2000; Musiek and Chermak, 1994).
However, with all these test batteries it appears to be impossible to map the auditory 
abilities of young children in a reliable way, because the demands posed by the tests in 
respect to attention span, auditory processing, articulation, and possibly language level 
are too high.
On the other hand, the number of young children with (severe) speech and/or language 
problems seen in the Dutch Audiological Centres has increased substantially in the last 
years. We believe that it is of the utmost importance that the presence of a possible 
auditory processing disorder in this group of children is established at an early age so 
that the appropriate intervention scheme can be put in place. Several studies have 
indicated that children with speech and/or language problems may experience 
(substantial) difficulties with respect to auditory processing (ASHA, 1996; Tallal et al., 
1993), and that specific training of auditory processing abilities could be beneficial in 
many of these children (Tallal et al., 1998).
Accordingly, we have been encouraged to form a study group of researchers from the 
department of Otorhinolaryngology of the University Medical Centre Nijmegen and the 
audiological department of Sint Marie with the objective of developing an auditory test 
battery suitable for young children. We believe that the following conditions should be 
met in order to construct such an auditory test battery:
1. The test material should be varied and ‘attractive’ (because of limited attention 
span).
2. The total test duration should not be too long.
3. The influence of linguistic competency on the outcome should be limited.
4. Responses should be obtained by pointing to pictures, verbal reproduction should 
not be required (because of possible articulation problems; this condition is 
especially important when the test battery is to be used in children with (severe) 
speech problems).
5. The test battery should attempt to quantify the influence of auditory attention as 
much as possible.
6. The test battery should try to map several, more or less independent auditory 
abilities.
Furthermore, it is important that a peripheral hearing disorder (conductive or 
sensorineural hearing loss) is always excluded, because the prevalence of (temporary)
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hearing loss due to otitis media with effusion is relatively high in this age range 
(Chalmers et al., 1989; Gravel and Wallace, 1992).
Based upon information obtained in our previous studies in older children, adolescents 
and adults (Neijenhuis et al., 2001; Neijenhuis et al., 2002; Stollman et al., 2003a; 
Stollman et al., 2003b; Van Velzen et al., 1995) several tests were included in an 
auditory test battery for young children. The present study is a pilot study intended to 
provide information on how to optimize the different tests in this test battery. The tests 
were administered in the period from September to December 2001 to children 
attending the first three grades of a primary school. We aimed to answer the following 
questions:
• Can all tests be administered successfully and reliably in children aged 4 to 6 
years?
• What adjustments (if any) are necessary to be able to administer a test, in terms of 
test instruction, stimulus presentation, and response mode?
• Do the different tests show age effects?
Subject selection
In this study, auditory tests were administered to 32 children with normal cognitive and 
language development. All subjects were recruited from one primary school and 
progressing normally. The children attending this primary school were all from an average 
socio-economic background. A child was considered for the study if the teacher did not 
report any problems in relation to hearing and listening, speech and language 
development, and attention in the class room. Normal hearing sensitivity in both ears was 
confirmed by means of pure tone audiometry and speech audiometry, using a word 
intelligibility by picture identification test (Crul, 1984; Crul, 1994). Pure tone 
audiometry was performed using standard procedures (play audiometry) and equipment. 
Thresholds were only determined for 0.5, 1, 2, and 4 kHz. The audiometer 
(Interacoustics AD229e with TDH-39 headphone) was calibrated according to ISO 389 
(1987). The measurements were carried out in a quiet room. All but 4 of the 32 children 
showed normal hearing sensitivity (pure tone average at 0.5, 1, 2 and 4 kHz (PTA) < 20 
dBHL, for both ears).
The remaining 28 children were subsequently classified into three groups based upon 
the grade they were in (see table 7.1). In table 7.1, some subject characteristics are 
shown for the 28 children. For all groups, the number of male and female subjects, the 
median values and the range of the age of the subjects, the average hearing sensitivity 
of both ears (PTA = pure tone average at 0.5, 1, 2 and 4 kHz), and the scores obtained 
on the word intelligibility by picture identification test (WIPI) for two presentation 
levels are displayed.
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Group
Gender
(M/F)
Age
(years;months)
PTA_R
(dBHL)
PTA_L
(dBHL)
WIPI 
50R (%)
WIPI 
60R (%)
WIPI 
50L (%)
WIPI 
60L (%)
4-year-olds 
(grade 1; 
N=9)
6/3
Median 4;7 15 14 80 90 90 90
Min/Max 4;4/4;10 1/18 3/18 70/100 80/100 60/100 70/100
5-year-olds 
(grade 2; 
N=10)
5/5
Median 5;10 13 11 90 95 95 90
Min/Max 5;2/6;1 8/18 3/20 50/100 90/100 80/100 70/100
6-year-olds 
(grade 3; 
N=9)
6/3
Median 6;6 13 13 100 100 90 100
Min/Max 6;0/6;11 4/18 5/19 70/100 90/100 80/100 80/100
Table 7.1. Subject characteristics fo r the 28 children; fo r all three groups, the first row shows the
median values, and the second row minimum and maximum values. PTA = pure tone 
average at 0.5, 1, 2, and 4 kHz (R = right ear), WIPI = Word Intelligibility by Picture 
Identification test (50 = presentation level in dBSPL, L = left ear).
Table 7.1 shows that the scores on the word identification by picture test are close to 
100% for both ears and both presentation levels (50 and 60 dBSPL), in accordance with 
normal hearing sensitivity.
Methods
The auditory test battery used in this study consisted of the following tests: a sustained 
auditory attention test (SAA), a dichotic words test (DW), a binaural masking level 
difference test (BMLD), an auditory word discrimination test (AWD), a gap detection 
test (GD) and a test of phonemic awareness, the Lindamood Auditory 
Conceptualization test (LAC). With this test battery different aspects of auditory 
processing are investigated, namely (sustained) auditory attention, binaural hearing, 
temporal processing, and phonological coding. Jerger and Musiek have pointed out that 
a varied test battery approach is important to try and diagnose auditory processing 
disorders in school-age children (Jerger and Musiek, 2000). The order of presentation 
of the tests was fixed, but the first test was varied randomly for each child. All tests 
were recorded on a CD with the exception of the LAC which was administered using 
live voice.
Description of the test battery
The sustained auditory attention test (SAA) is based upon the Auditory Continuous 
Performance Test (Keith, 1994; Keith, 2000) and is aimed at testing sustained attention 
for word material. The CVC (consonant-vowel-consonant) words used for the SAA 
were taken from the word lists for speech audiometry by Bosman and Smoorenburg 
(1992), which are widely used in the Netherlands. Four lists containing 50 presentations 
of 6 different words (in four randomisations), were recorded. Each of the four lists 
contained 10 (random) occurrences of the target word(s). The non-target words were 
both phonetically and contextually different from the target word(s). The four lists were 
presented to the child diotically via headphones at a level of 65 dBSPL, with a 1.5 
second pause between words. The SAA consisted of two versions. In the first version,
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the child had to attend to one target word; in the second version, the child had to attend 
to two target words. The two versions were never presented immediately after one 
other, because of the inherent ‘boring’ nature of the SAA. During the test, a picture of 
the target word(s) was shown, and the child had to put a little disc in a tray labelled with 
the target word each time he thought he had heard the target word. Scoring included 
noting the number of correct responses to the target words as well as the number of 
‘impulsive’ errors made i.e. when the child responded to a non-target word. The 
number of correct responses was determined for the first and the last of the four ‘runs’ 
and for all four ‘runs’ together, the number of ‘impulsive’ errors was determined for all 
four runs together. The test scores were expressed as percent correct scores. 
Administration time for the SAA was about 12 minutes for each version.
The dichotic words test (DW) was constructed using the word material of the word 
identification by picture test by Crul (1984, 1994). For the recording, the words were 
spoken by a female speaker embedded in a carrier phrase. The carrier phrase was 
subsequently removed. Twenty CVC words were selected to form 10 pairs of two 
words. Each stimulus presentation implied presenting one word to the right ear, while 
simultaneously presenting the other word to the left ear. Special care was taken to 
ensure that the onsets of both words were indeed the same. We chose not to present 
more than one word to each ear, as is generally done in adult dichotic word tests 
(Kimura, 1961; Musiek et al., 1991), in order to minimize the effect of limited short 
term memory in younger children on the results obtained. The presentation level was 55 
dBSPL. Each word pair was preceded by a 1 kHz tone signalling that a stimulus was 
about to be presented. A 4 second pause was inserted between items to allow the child 
to respond. During the test, the child had pictures of all the words presented in front of 
him and had to point to the two pictures corresponding to the words he had heard. The 
number of correct responses for each ear and in total were noted and expressed as 
percent correct scores. We did not require the child to indicate in which ear the words 
were heard. Three practice items were included to familiarize the child with the task at 
hand. Administration time for the DW was about 7 minutes.
The binaural masking level difference test (BMLD) uses word material consisting of 12 
spondaic words. For the recording, the words were spoken by a male speaker embedded 
in a carrier phrase (Beijnon, 1995). The carrier phrase was subsequently removed. In 
the test, the words were presented together with a continuous stationary speech noise of 
a male speaker (Plomp and Mimpen, 1979; TNO-FENAC, 1988). To familiarize the 
child with the word material used in this test, the words were first presented without the 
noise. Next, the words and the noise were presented to both ears in phase (the S0N0- 
condition), and then, in the SnN0 -condition, the noise was still presented to both ears in 
phase, but the speech signal was shifted 180° in phase between both ears. During the 
test, the child had pictures of all 12 words presented in front of him and had to point to 
the picture corresponding to the word he had heard. The level of the words was varied 
while the noise level was held constant at 60 dBSPL. The starting level for the words 
was also 60 dBSPL. For every correct response, the presentation level of the words was 
decreased by 5 dB. When the child made the first incorrect response, an adaptive 
procedure (2 down/1 up) with a step size of 2 dB producing thresholds corresponding to 
71% word intelligibility in both the S0N0 -condition and the SnN0 -condition was started.
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The adaptive procedure stopped when eight reversals had occurred. The S0 N0  and SnN 
thresholds were calculated for the first four, the last four and for all eight reversal 
points. Subtracting the SnN0  thresholds from the S0 N0  threshold yielded the BMLDs. 
Administration time for the BMLD was about 16 minutes.
The auditory word discrimination test (A WD) is based upon the ADIT-A test of 
auditory word discrimination (Crul and Peters, 1976). Thirty CVC words, spoken by a 
female speaker and embedded in a carrier phrase, were presented to the child diotically 
via headphones. The presentation level was 60 dBSPL. Two practice words were also 
included. After the presentation of each word, the child had to choose between two 
pictures, one corresponding to the word he had heard, and one word differing from the 
target word in one phoneme (e.g. /hat/ vs. /cat/). The number of correct responses was 
divided by 30 to give the AWD score in percent. Administration time for the AWD was 
about 8 minutes.
For the gap detection test (GD) two bursts of noise, one with and one without a gap, 
were presented sequentially to the child. The noise bursts were a ^-octave wide and 
centered around 1 kHz (841 to 1189 Hz). The gap was situated exactly in the middle of 
the noise burst and varied in length between 1 and 256 ms. The total presentation time 
was the same for both test and reference signal (2-300 ms + gap duration), so as to make 
sure that the child could not use the total duration of the signal as an indicator of the 
presence of the gap; this would otherwise have been an important cue especially for the 
longer gap durations. The presentation level was 70 dBSPL. The order of ‘test’ signal 
(with the gap) and the ‘reference’ signal (without the gap) varied in a random way. The 
child had to indicate which of the two signals contained the gap, by identifying the 
order in which the ‘test’ and ‘reference’ signal were presented. This was done by letting 
the child point to a picture of two candles (representing the ‘test’ signal) followed by 
one candle (representing the ‘reference’ signal), or vice versa, the idea being that the 
noise bursts could be likened to blowing out the candle(s). Before the test commenced, 
the experimenter made sure that the child understood the task.
Because the stimuli were recorded on a CD and we did not use an adaptive procedure a 
rather complicated test protocol was used to determine the gap detection threshold. The 
test started with a list of stimuli with relatively large gaps (256, 128 and 64 ms), and 
proceeded to lists with ever shorter gap durations (list 2: 64, 32, 16 ms; list 3: 16, 8, 4 
ms; list 4: 4, 2, 1 ms) depending on the number of correct responses made by the child. 
Because of the chance level of 50%, it was decided that the child had to respond 
correctly to at least 8 of the 10 stimulus presentations to move to the next, more 
difficult, list. If the child continued to score above 80% correct list 4 was repeated once, 
to improve the reliability of the gap detection threshold found. If the child scored below 
80% on any of the lists, either this list or the preceding list (with larger gap durations) 
was repeated, depending on the score obtained. In all cases a minimum of two and a 
maximum of five lists were presented to the child. Administration time for the GD was 
about 12 minutes.
The LindamoodAuditory Conceptualization test (LAC) used in this study is a Dutch 
version based upon the Lindamood Auditory Conceptualization test (Lindamood and 
Lindamood, 1979; Lindamood and Goebel, 1998). With this test, the experimenter
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presented several phonemes to the child via live voice at a normal conversational level 
(around 65 dBSPL). This test comprised two categories. In the first category, each item 
consisted of 2 or three separate phonemes that were either the same of different. The 
child had to reproduce the auditory pattern he had heard using little coloured cubes, 
thereby assigning different colours to different phonemes. The second category contains 
non-word items with up to four phonemes and involves the actual manipulation of the 
cubes related to the processes of auditory analysis and auditory synthesis, two important 
auditory prerequisites for successful reading and writing. Before the actual LAC could 
be administered a short pre-test was done in order to establish that the child possessed 
the necessary skills to do the LAC. These skills include understanding the concepts 
‘different’ and ‘the same’, ‘first’ and ‘last’, and being able to discern the different 
colours. The LAC scores consist of a score for the first category (LAC_1), the second 
category (LAC_2), and a total LAC score (LAC_total = LAC_1+6*LAC_2). 
Administration time for the LAC was about 15 minutes.
The total test battery (including pure tone audiometry and speech audiometry) was 
administered by experienced investigators in two or occasionally three sessions, with a 
total test time of about one hour and 40 minutes.
Results
Descriptive statistics
In table 7.2, descriptive statistics (median, minimum and maximum value) for all tests 
in the test battery are shown. With the Kruskal Wallis ANOVA by Ranks test (Statistica 
for Windows, 1993) we determined that there were no significant differences between 
the female and male subjects in this study (with the exception of the gap detection test, 
where the girls obtained slightly lower (i.e. better) gap detection thresholds than the 
boys did (p = 0.04)). So in what follows, the data of female and male subjects are 
pooled.
Table 7.2 shows that the percent correct scores on both SAA versions were close to 
100%, with the exception of the 4-year-olds, who seemed to be less accurate than the 5- 
and 6-year-olds, especially when they had to attend to two target words. All children 
were able to perform the pre-test. Most of the children did not make any ‘impulsive’ 
errors on the SAA. The performance of the children on version 2 of the SAA was 
significantly poorer than on version 1 (Wilcoxon matched pairs test; N = 28, p  < 0.01). 
When the scores on both versions of the SAA were compared for the three groups of 
children separately, the only significant difference was found for the 6-year-olds (p < 
0.05). This is caused by the rather large variation in scores obtained by the 4- and 5- 
year-olds. An important index of sustained auditory attention is given by the difference 
in percent correct scores for the first and the last of the four consecutive lists. For all 
children taken together the percent correct score for the first ‘run’ was significantly 
higher than the score for the last ‘run’ for version 2 of the SAA (p < 0.05), but not for 
version 1.
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Group
Gender
(M/F)
SAA1 (%) SAA2 (%) SAA1_err SAA2_err
4-year-olds
(N=9)
6/3
Median 80 68 0 1
Min/Max 55/100 48/98 0/8 0/4
5-year-olds
(N=10)
5/5
Median 95 94 0 0
Min/Max 68/100 48/100 0/1 0/3
6-year-olds
(N=9)
6/3
Median 100 95 0 0
Min/Max 85/100 78/100 0/0 0/4
Group
Gender
(M/F)
DW_R (%) DW_L (%) DW (%) BMLD (dB)
4-year-olds
(N=9)
6/3
Median 75 50 63 4.5
Min/Max 50/90 5/80 45/78 0.5/8.8
5-year-olds
(N=10)
5/5
Median 73 73 70 2.4
Min/Max 40/90 50/85 48/85 0.3/6.0
6-year-olds
(N=9)
6/3
Median 95 80 88 3.8
Min/Max 80/100 60/100 73/98 0.0/6.0
Group
Gender
(M/F)
AWD (%) GD (ms) LAC_1 LAC_2 LAC total
4-year-olds
(N=9)
6/3
Median 100 64 11 2 19
Min/Max 90/100 8/256 3/22 0/4 7/34
5-year-olds
(N=10)
5/5
Median 100 48 21 3 33
Min/Max 97/100 1/256 13/28 1/7 25/67
6-year-olds
(N=9)
6/3
Median 100 1 25 6 61
Min/Max 97/100 1/64 18/28 1/11 28/94
Table 7.2. Descriptive statistics fo r all tests in the test battery. For all three groups, the first row shows
the median values, and the second row minimum and maximum values. SAA1 = percent 
correct score on the Sustained Auditory Attention test (version 1), SAA1_err = the number 
o f ‘impulsive' errors on the SAA (version 1), DW_R = percent correct score on the Dichotic 
Words test (right ear), DW  = percent correct score on the Dichotic Words test averaged 
over both ears, BMLD = Binaural Masking Level Difference, AWD = percent correct score 
on the Auditory Word Discrimination test, GD = gap detection threshold on the Gap 
Detection test, LAC_1 = score on the Lindamood Auditory Conceptualization test (category 
1), LAC_total = LAC_1 score + 6*LAC_2 score.
For the binaural masking level difference test, we considered the effect of the number
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of reversal points by comparing the BMLD calculated for the first four, the last four 
and for all eight reversal points. The BMLD shown in table 7.2 is based upon all eight 
reversal points. For all children taken together, we did not find a significant difference 
between the BMLD calculated for the first four (median = 3.0; range = -1.5/9.5), the 
last four (median = 3.8; range = 0.0/9.0) or for all eight reversal points (median = 3.5; 
range = 0.0/8.8).
The scores on the auditory word discrimination test (AWD) were also subject to ceiling 
effects, i.e. most of the subjects obtained scores at or near the high end of the scale (i.e. 
100%). The gap detection test showed large variations in gap detection thresholds 
among the children, especially in the 4- and 5-year-olds. The same can be said about the 
scores on the LAC (category 1), especially in the 4-year-olds.
Test Significance level 4- vs. 5-year-olds 4- vs. 6-year-olds 5- vs. 6-year-olds
SAA1 p  < 0.05 p  < 0.05 p  < 0.01 n.s.
SAA2 n.s.
SAA1_err n.s.
SAA2_err n.s.
DW_R p  < 0.01 n.s. p< 0.01 p< 0.01
DW_L p  < 0.01 p  < 0.05 p< 0.01 n.s.
DW p  < 0.01 n.s. p< 0.01 p< 0.01
BMLD n.s.
AWD n.s.
GD p  < 0.05 n.s. p  < 0.01 n. s.
LAC1 p  < 0.01 p  < 0.01 p  < 0.01 p  < 0.05
LAC_2 p  < 0.05 n.s. p  < 0.05 n. s.
LAC total p  < 0.01 p< 0.01 p< 0.01 p  < 0.05
Table 7.3. Comparison o f the performance o f the three groups o f  children (Kruskal Wallis ANOVA by
Ranks). In the second column, the significance level is displayed (n.s. = not significant (p > 
0.05)). The last three columns show which o f  the individual groups differ significantly (p < 
0.05) from each other. SAA1 = percent correct score on the Sustained Auditory Attention 
test (version 1), SAA1_err = number o f  ‘impulsive’ errors on the SAA (version 1), DW_R = 
percent correct score on the Dichotic Words test (right ear), DW  = percent correct score on 
the Dichotic Words test averaged over both ears, BMLD = Binaural Masking Level 
Difference, AWD = percent correct score on the Auditory Word Discrimination test, GD = 
gap detection threshold on the Gap Detection test, LAC_1 = score on the Lindamood 
Auditory Conceptualization test (category 1), LAC_total = LAC_1 score + 6*LAC_2 score.
Age effects
For further statistical evaluation of the data non-parametric statistics were chosen 
because the number of subjects in the groups is rather small and several variables do not 
follow a normal distribution, as was confirmed by the Shapiro Wilks statistic. The
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results of several Kruskal Wallis ANOVA by Ranks tests, comparing test results on all 
auditory tests across the children’s groups, are displayed in table 7.3.
In table 7.3 we can observe that the three groups of children obtained similar results on 
the binaural masking level difference test and the auditory word discrimination test. For 
the sustained auditory attention test, we only found a significant difference between the 
4-year-olds and the 5- and 6-year-olds on the version with one target word, not for the 
version with two target words. This is due to the larger variation in scores for the SAA 
with two target words, as can be seen in the box plots in figure 7.1.
Box Plot for the Sustained Auditory Attention test
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Figure 7.1. Descriptive measures o f  the scores on the sustained auditory attention test (SAA). Scores on 
version 1 (SAA1) and version 2 (SAA2) are displayed in boxplots fo r the three age groups. 
The boxes represent 50% o f  the subjects, with the squares and triangles showing the median 
values. The whiskers show minimum and maximum values.
The dichotic words test, the gap detection test, and the Lindamood Auditory 
Conceptualization test all showed significant age effects for this group of 4- to 6-year- 
old children.
To describe the effect of age on the scores obtained by the children further we determined 
Spearman Rank correlation coefficients for the different tests with subject age. Table 7.4 
shows all significant correlation coefficients (*: p  < 0.05, # p  < 0.01) between the 
auditory tests and age.
As was to be expected from the data displayed in table 7.3, the strongest correlations 
with age were found for the scores on the dichotic words test (R = 0.57-0.68), the gap 
detection test (R = -0.62), and the Lindamood Auditory Conceptualization test (R = 
0.54-0.73). Surprisingly, for the auditory word discrimination test, a significant (p < 
0.05) correlation with age is also found, despite the fact that most children scored close 
to 100% on this test. As can be seen in the box plots in figure 7.2, this significant 
correlation is the result of the lower scores obtained by some of the 4-year-olds.
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Variable Age (months)
SAA1 0.53#
SAA2
DW_R 0.57#
DW_L 0.64#
DW 0.68#
BMLD
AWD 0.39*
GD -0.62#
LAC_1 0.73#
LAC_2 0.54#
LAC total 0.72#
Table 7.4. Spearman Rank Order Correlations between the auditory tests and age fo r all children (N =
28); only significant correlations ( : p  < 0.05; p  < 0.01) are shown. SAA1 = percent 
correct score on the Sustained Auditory Attention test (version 1), DW_R = percent correct 
score on the Dichotic Words test (right ear), DW  = percent correct score on the Dichotic 
Words test averaged over both ears, BMLD = Binaural Masking Level Difference, AWD = 
percent correct score on the Auditory Word Discrimination test, GD = gap detection 
threshold on the Gap Detection test, LAC_1 = score on the Lindamood Auditory 
Conceptualization test (category 1), LAC_total = LAC_1 score + 6*LAC_2 score.
Box Plot for the Auditory Word Discrimination test
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Figure 7.2. Descriptive measures o f  the scores on the auditory word discrimination test (AWD). Scores 
are displayed in boxplots fo r the three age groups. The boxes represent 50% o f  the subjects, 
with the squares showing median values. The whiskers show minimum and maximum values.
M edian
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Ear effects
Possible differences between left and right ear scores for the dichotic words test were 
investigated for all subjects, by means of the Wilcoxon matched pairs test. For the 4- 
and 6-year-olds we found that the right ear scores were significantly (p < 0.05) higher 
than the left ear scores. For the 5-year-olds the right and left ear scores were similar, as 
can be appreciated by inspection of table 7.2 and the box plots in figure 7.3. In figure
7.3, we see that one of the 4-year-olds obtained a very poor score for the left ear (5%); 
the right ear score however was well within the normal range (85%).
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Figure 7.3.
Box Plot for the Dichotic Words test (right and left ear data)
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Descriptive measures o f  the scores on the dichotic words test (DW). Scores fo r the right ear 
(DW_R) and the left ear (DW_L) are displayed in boxplots fo r  the three age groups. The 
boxes represent 50% o f the subjects, with the squares and triangles showing the median 
values. The whiskers show minimum and maximum values after removal o f  one extreme 
value in the 4-year-olds, indicated by a circle.
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Correlations between subtests
Spearman Rank correlation coefficients for the different variables were determined for 
all children, as shown in table 7.5 (only significant correlations (p < 0.05) are shown).
In table 7.5 we can see that most subtests correlate significantly with each other, with 
several subtests showing correlation coefficients above 0.70. If we look at the squared 
values of the correlation coefficient R, which indicate the amount of overlay of two 
variables, we see that the overlap between several subtests amounts to 50% or more. 
This may indicate that several auditory tests in this test battery provide information on 
similar auditory abilities. The one exception to this is the binaural masking level 
difference test, which did not correlate with any of the other tests, and thus appears to 
measure different auditory abilities.
132
Chapter 7 Development o f  an auditory test battery fo r young children: a pilot study
Variable SAA1
SAA1 - SAA2
SAA2 0.86 - DW_R
DW_R 0.45 - DW_L
DW_L 0.72 0.61 0.59 - DW
DW 0.70 0.54 0.82 0.92 - BMLD
BMLD - AWD
AWD 0.44 0.57 0.40 - Gap
Gap -0.67 -0.57 -0.47 -0.76 -0.71 -0.51 - LAC_1
LAC_1 0.77 0.66 0.52 0.72 0.70 0.45 -0.77 - LAC_2
LAC_2 0.64 0.54 0.44 0.60 0.62 -0.65 0.61 -
LAC total 0.79 0.67 0.53 0.76 0.74 0.44 -0.75 0.85 0.89
Table 7.5. Spearman Rank Order Correlations between the auditory tests fo r all children (N = 28);
only significant correlations (p < 0.05) are shown. SAA1 = percent correct score on the 
Sustained Auditory Attention test (version 1), DW_R = percent correct score on the Dichotic 
Words test (right ear), DW  = percent correct score on the Dichotic Words test averaged 
over both ears, BMLD = Binaural Masking Level Difference, AWD = percent correct score 
on the Auditory Word Discrimination test, GD = gap detection threshold on the Gap 
Detection test, LAC_1 = score on the Lindamood Auditory Conceptualization test (category 
1), LAC_total = LAC_1 score + 6*LAC_2 score.
Discussion
In this pilot study twenty-eight 4- to 6-year-old Dutch children were tested with a 
recently developed battery of auditory tests. The purposes of this investigation were: 1) 
to find out if all tests could be administered successfully and reliably in children aged 4 
to 6 years, 2) to determine which adjustments (if any) were necessary to be able to 
administer a test, in terms of test instruction, stimulus presentation, and response mode, 
and 3) to see if the different tests show age effects.
Our results indicate that, on the whole, the tests in the present auditory test battery can 
be administered successfully and reliably in children aged 4 years and older. Test 
instruction, stimulus presentation, and response mode were in general well adapted to 
the age range of children tested. Some minor modifications to the test protocol will 
however be carried out. For the sustained auditory attention test, we will only be 
administering version 2, since this is a rather ‘boring’ test and younger children may 
loose interest in the task rather quickly. This will furthermore result in a reduction of 
the total test time of about 12 minutes. Version 2 is more difficult than version 1 and is 
therefore presumed to show difficulties in the area of sustaining auditory attention more 
quickly. With the dichotic words test, the inter-stimulus interval will be increased from 
4 to 6 seconds, to allow children more time to respond. A new recording of the words 
of the binaural masking level difference test has been made, in which the words are
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more balanced with respect to word recognition in noise, as determined in an 
experiment performed with 10 normal hearing adults resulting in a level correction of -5 
dB for two words. The new recording contains 15 lists of 12 spondaic words in 
different randomisations. We further suggest that the BMLD be calculated over 6 
instead of 8 reversals, because this reduces test time. Our present results suggest that the 
BMLDs calculated over the first four, the last four, and all eight reversals do not differ 
significantly, so this reduction in test time seems feasible. For the auditory word 
discrimination test no modifications are necessary. With respect to the gap detection 
test, we have to conclude that this test is, in its present form, rather difficult to 
administer and to score. We therefore decided to abandon this procedure and will 
instead be using the Random Gap Detection Test by Keith (2000) in our further studies. 
In this test, tone pairs are presented with inter-stimulus intervals of 0 to 40 ms. The 
inter-stimulus intervals are recorded with gaps randomly assigned using a table of 
random numbers. The child has to report whether the stimulus pairs are heard as one 
tone or two. Finally, for the Lindamood Auditory Conceptualization test we decided to 
use only the first category, since category two was too difficult for most 4- and 5-year- 
olds (see table 7.2).
Age effects
The third purpose of this pilot study was to determine if the age of the child in question 
had a significant influence on the test result. This is an important question, since the 
value of tests for which no significant age effects are found may be considered 
questionable if the test battery is to be used to describe the development of auditory 
processing abilities in young children. Fortunately, tables 7.3 and 7.4 indicate that most 
of the subtests in our test battery show significant effects of age on the children’s 
performance. The strongest effects were found for the dichotic words test and the 
Lindamood Auditory Conceptualization test. The binaural masking level difference test 
was the only test for which no significant age effect was found. Other studies have 
shown differences in BMLDs obtained for younger children and adults (Nozza et al., 
1988; Summerfield et al., 1992), but the age range in our study may have been too 
limited to reveal these differences. The BMLDs found in our study were on average 
much smaller than the ones reported in the two above-mentioned studies, but this could 
in part have been caused by the speech material used. In a recent study Johansson and 
Arlinger found that the mean binaural masking level difference for Swedish spondaic 
words for adult subjects was 5.8 dB, which agrees well with the results of 9 adults 
tested with our material for whom a median BMLD value of 5 dB (range 4.5 to 10 dB) 
was found (Johansson and Arlinger, 2002). We have considered the possibility that 
both the SnN0  thresholds as well as the S0N0  thresholds did change with age, but a 
significant effect of age was not found for either threshold. This in agreement with 
results from a study by Elliott et al. (1979). They have shown that the performance of 
children on a four-alternative, forced choice identification task employing monosyllabic 
nouns did not change significantly with age between 5 and 10 years, when the nouns 
were presented in a 12-talker babble or against a filtered noise, whereas the 
performance in quiet did change; a significant decrease in the speech recognition 
threshold in quiet was found from 5 to 10 years (Elliott et al., 1979).
In light of the present study’s results the inclusion of the auditory word discrimination 
test in the final auditory test battery can be debated. We found that most subjects in this
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study group obtained scores on the AWD at or near the high end of the scale (i.e.
100%).
For the gap detection test used in this study, we found a significant effect of age on the 
children’s performance (see tables 7.3 and 7.4), which is in agreement with data 
reported by Werner et al., who have shown that psychophysical gap detection 
thresholds of 3-, 6- and 12-month-old infants are on average much worse than those of 
adults with normal hearing (Werner et al., 1992; Werner et al., 2001).
Ear effects
A small, but significant difference between left and right ear scores for the dichotic 
words test was found for both the 4- and 6-year-olds (p < 0.05). The right ear scores 
were higher than the left ear scores. For the 5-year-olds the right and left ear scores 
were similar (see table 7.2 and figure 7.3). The finding of a (small) right ear advantage 
is in accordance with literature (Katz, 1962; Kimura, 1961), and based upon the 
assumption that contralateral pathways are more numerous and/or stronger than 
ipsilateral pathways and the fact that the left hemisphere is dominant for speech in most 
cases (Kandel, Schwartz and Jessell, 1991; Rasmussen and Milner, 1977).
Correlations between subtests
Most subtests correlated significantly with each other, with several subtests showing 
correlation coefficients above 0.70 (see table 7.5). The one exception to this is the 
binaural masking level difference test, which did not correlate with any of the other 
tests. This might indicate that several auditory tests in this test battery provide 
information on similar auditory abilities.
Conclusion
A recently developed auditory test battery for young children was administered to 4- to 
6-year-old children. The test battery consisted of a sustained auditory attention test 
(SAA), a dichotic words test (DW), a binaural masking level difference test (BMLD), 
an auditory word discrimination test (AWD), a gap detection test (GD) and a test of 
phonemic awareness, the Lindamood Auditory Conceptualization test (LAC). Our 
results show that this test battery can be administered to children aged 4 years and 
older. Strong effects of chronological age were found for the dichotic words test and the 
Lindamood Auditory Conceptualization test. The binaural masking level difference test 
was the only test for which no significant age effect was found in this group of children. 
A small, but significant right ear advantage was found on the dichotic words test, for 
the 4- and the 6-year-olds. Correlations between subtests were in general rather high, 
suggesting that several tests in this test battery may be tapping into similar auditory 
abilities, although the possibility that other cognitive variables, including linguistic 
competency and general attention, could be mediating factors in the children’s 
performance on these auditory tests cannot be ruled out.
Based upon the results from this study we will start a study in larger groups of 4- to 6- 
year-old children. In this study, normative data will be gathered with this test battery in 
three groups of children aged 4 to 5 years, 5 to 6 years, and 6 to 7 years of age. Data for 
at least 50 children per age group will be collected. Additional measures of cognitive 
development (Raven’s Coloured Progressive Matrices (Raven et al., 1986; van Bon, 
1986)) and language development (TAK-R vocabulary test (Verhoeven and Vermeer,
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2001)) will also be obtained in these children. After completion of that study, we 
believe that this auditory test battery will be a valuable and welcome addition to the 
audiological tests for young children.
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Introduction
Auditory speech processing is a complex process that shows considerable development 
and change during childhood. This thesis is the result of a long-term study on the 
effects of age, hearing impairment and language impairment on (the development of) 
auditory abilities in children.
An auditory processing disorder (APD) is generally defined as a deficit in the 
processing of sound patterns that cannot be explained by peripheral hearing loss. In 
case of peripheral hearing loss, the (partial) auditory deprivation may have deleterious 
effects on auditory processing. This depends on the nature and severity of the hearing 
loss. If a child has congenital sensorineural hearing loss, the poorer neural 
representation of sounds is assumed to tax the central auditory nervous system. This 
may lead to serious problems in the maturation of the auditory pathways and hence the 
development of auditory processing abilities, especially in the case of severe or 
profound hearing loss.
Auditory processing in children with language impairment has received an enormous 
amount of attention from researchers over the past 25 years. Numerous studies have 
found evidence that auditory processing may be seriously impaired in children with 
language disorders, despite normal hearing sensitivity. In some cases, the development 
of speech and language is not the rapid and robust process observed in most children. If 
all the ‘obvious’ reasons for the delay in speech and language development have been 
eliminated, such as hearing loss, mental retardation, or a psychiatric disorder, then a 
possible cause for this so-called specific language impairment (SLI) is an APD. 
However, on the basis of the heterogeneity among SLI children and the prevalence rates 
alone it is clear that not all SLI children have a (severe) APD. The prevalence of 
auditory processing disorders is estimated to be 2-3%, which is much lower than 
prevalence estimates reported for language impairments (1 to 15%, depending on the 
severity of the delay in language development). Furthermore, the co-existence of 
auditory processing problems and language impairment need not imply a causal 
relationship. It has also been suggested that language disabilities may result from 
inadequate processing of sensory information during early childhood although the 
original processing deficit may no longer exist when the child is older. If that were the 
case, then the prevalence of auditory processing problems in younger SLI children 
would be (much) higher.
Chapter 1 gives a short history of central auditory assessment, starting with the first 
experiments using “cortical” hearing tests on adults with confirmed neurological lesions 
in the 1950’s by Bocca and co-workers and later followed by studies on children with 
suspected auditory dysfunction. The value of assessing auditory processing with a test 
battery approach has repeatedly been acknowledged, because of the inherent 
heterogeneity of the population that presents with auditory processing problems. Over 
the past 25 years several test batteries have been proposed to aid in the diagnosis of
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auditory processing disorders in children. Most of these test batteries contain monaural 
low-redundancy speech tests, tests of binaural function, temporal ordering tasks and/or 
pattern perception tests.
In this thesis we tested the hypotheses that the auditory system of children developing 
normally continues to mature until at least the age of 12 years and that the development 
of auditory processing in hearing-impaired and language-impaired children is often 
delayed and may even be genuinely disturbed in a subgroup of these children. Below, 
we summarize the results from the studies described in this thesis.
The studies
Chapter 2 describes a study on measures of binaural hearing in a group of five 12-year- 
old children who had suffered from prolonged predominantly unilateral otitis media 
with effusion (OME) between the age of 2 and 4 years and had never received treatment 
for OME. All the children had normal hearing at the time of testing. We found that the 
children's auditory brainstem response (ABR) and the binaural interaction component in the 
ABR were comparable with normative data from adults. Furthermore, evident suppression 
of transient evoked otoacoustic emissions (TEOAE) was found with contralateral noise 
stimulation in 4 out of the 5 children. The children's masking level difference (MLD) values 
were within the normal (adult) range. These results do not support the notion that long-term 
auditory processing deficits can be the result of early asymmetrical OME in children.
Chapter 3 reports on a speech-in-noise test using sentence material. The effect of time 
compression and time expansion of speech on speech perception in noise was examined 
in ten 9- to 12-year-old hearing-impaired children and in ten 9 to 12-year old language- 
impaired children. Their results were compared to those of a control group of 10 age- 
matched children with normal hearing and normal language development and to those 
of a group of 10 young adults. In all the time-scale modified conditions, the hearing- 
impaired and language-impaired children had significantly higher speech recognition 
thresholds in noise (SRTN) than their normal peers, who performed almost equally as 
well as the young adult control group. Time expansion had a negligible effect on SRTN 
in all the groups when compared to the control condition. In general, the difference in 
SRTn between the control groups and the impaired groups was not altered significantly 
by the degree of time compression or time expansion of speech. However, the hearing- 
impaired as well as the language-impaired children’s speech perception in noise tended 
to be influenced to a greater extent by time compressing speech than in the two control 
groups.
After these initial experiments we concluded that a more differentiated set of auditory 
tests was needed to study auditory processing in children. Chapter 4 describes the 
development of an auditory test battery for Dutch children. The performance of twenty 
6-year-old children with specific language impairment (SLI) on this test battery was 
compared to that of a control group of age-matched children with normal cognitive and 
language development. The auditory test battery used in this study consisted of a 
speech-in-noise test, a filtered speech test, a binaural fusion test, a frequency pattern 
test, a duration pattern test, a temporal integration test, an auditory word discrimination 
test, an auditory synthesis test, an auditory closure test and a number recall test. We
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found that on almost all the tests, the scores of the 6-year-old SLI children were 
significantly lower than those of their age-matched controls. It could not be determined 
whether the development of auditory processing in these SLI children was simply 
delayed or actually disturbed, because data from older and younger children were 
lacking. Many of the basic auditory processing measures in our test battery correlated 
significantly with receptive and expressive language scores, which suggested a (causal) 
relationship between auditory processing and language proficiency. Discriminant 
function analyses did not warrant deleting tests from the test battery yet, with the 
exception of the auditory synthesis test and the temporal integration test, because no 
significant group effects were found on these tests.
The group of children with normal cognitive and language development was then 
followed in a longitudinal study until the age of 12 years (Chapter 5). This group of 20 
children underwent several auditory tests at the age of 6, 7, 8, 10 and 12 years. Three 
subjects were lost to follow-up at the age of 10 and one more at the age of 12. On all 
the auditory tests except for the speech-in-noise test, there was a clear effect of age on 
the performance of the children. Our data suggested that maturational effects play an 
important role in auditory processing (at least) up to the age of 12-13 years. In general, 
correlations between the tests did not indicate any large overlap between the different 
tests. Factor analysis showed that three factors accounted for 68-70% of the explained 
variance; all three factors contributed equally. One factor was related to speech 
perception in noise, one to speech perception of filtered speech, and one to auditory 
pattern recognition.
In the same period that the longitudinal study was conducted, the auditory test battery 
was also used to gather additional data from a group of children with SLI. This resulted 
in a group of 42 six- to eight-year-old language-impaired children (Chapter 6). Again, 
the scores of the SLI children on almost all the tests were significantly lower than those 
of the control group and again correlations between the tests did, in general, not 
indicate any large overlap between the different tests. Factor analysis showed that the 
same three factors accounted for 62% of the explained variance.
The lower scores in the SLI children compared to the control group suggested either a 
delay in the development of auditory skills in the SLI children, or a disturbance. Our 
analyses showed that on some of the tests the SLI children seemed to have ‘caught up’ 
with their normal peers at an average age of 9-10 years. However, they seemed unable 
to ‘close the gap’ on the auditory pattern tests, which may indicate a genuine, prolonged 
auditory temporal processing disorder.
The auditory test battery used in this study provided normative data on the development 
of auditory processing in 6- to 12-year-old children and adults. Data on younger 
children are not easily obtained due to the nature of these tests. Recently, we have 
developed an auditory test battery adapted to younger children and obtained the first 
results for 28 children aged 4 to 6 years (Chapter 7). This test battery consisted of a 
sustained auditory attention test, a dichotic words test, a binaural masking level 
difference test, an auditory word discrimination test, a gap detection test and a test of 
phonemic awareness, the Lindamood Auditory Conceptualization test. We found that 
this test battery could be administered successfully to children aged 4 years and older.
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Most tests showed a clear effect of chronological age; the strongest age effects were 
found for the dichotic words test and the Lindamood Auditory Conceptualization test. 
The binaural masking level difference test was the only test for which there was no 
significant age effect in this group of children. In general, correlations between subtests 
were fairly high, which suggests that several tests in this test battery may be tapping 
into similar auditory abilities.
Concluding remarks
From a clinical point of view, we hope that in the (near) future, the research presented 
in this thesis will enable the early diagnosis of auditory processing disorders in 
children. Early intervention is expected to prevent or at least diminish the negative 
effects of an APD on language development and the consequential cognitive 
development of children. For the moment, we believe that the auditory test batteries 
described in this thesis form a valuable and welcome addition to existing audiological 
tests for children. They offer the opportunity to quantify several aspects of speech 
perception that go beyond the standard speech audiometry used in current audiological 
practice.
Building on the results presented in this thesis, several initiatives are being undertaken 
to study auditory processing in larger groups of children in the Netherlands. Hopefully, 
with the results from these studies, it will be possible to derive a more specific 
classification of auditory processing disorders. This will enable more sharply targetted 
intervention. In these studies, more attention is being paid to possible gender 
differences. In our studies, no significant differences were demonstrated between boys 
and girls, but on several occasions, we did find that the girls tended to perform better. 
Discriminant analyses can be used to indicate which (combinations of) tests are the 
most sensitive to distinguish normal children from children with (suspected) auditory 
processing disorders. It would also be of great interest to map the effects of a 
concomitant conductive hearing loss, as often seen in younger children with language 
impairments, and of mild sensorineural hearing loss on auditory test battery 
performance.
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Inleiding
Auditieve spraakverwerking is een complex proces dat een aanzienlijke ontwikkeling 
en verandering laat zien gedurende de kindertijd. Dit proefschrift is het resultaat van 
een lange termijn studie naar de effecten van leeftijd, slechthorendheid en spraak- en 
taalproblemen op (de ontwikkeling van) auditieve vaardigheden van kinderen.
Een auditieve verwerkingsstoornis (auditory processing disorder, APD) wordt algemeen 
gedefinieerd als een gebrek in de verwerking van geluidspatronen dat niet verklaard kan 
worden door een verminderd gehoor. In het geval van een gehoorverlies kan de 
(gedeeltelijke) auditieve deprivatie nadelige effecten hebben op de auditieve 
verwerking, waarbij de aard en de ernst van het gehoorverlies uiteraard van belang zijn. 
Wanneer een kind een aangeboren perceptief gehoorverlies heeft zullen de neurale 
representaties van geluiden minder gedetailleerd zijn. Dit leidt waarschijnlijk tot 
(ernstige) problemen in de rijping van de auditieve banen en daarmee in de 
ontwikkeling van auditieve verwerking, met name in geval van een ernstig 
gehoorverlies.
Onderzoek naar de auditieve verwerking bij kinderen met spraak- en taalproblemen 
heeft de afgelopen 25 jaar enorm in de belangstelling gestaan. Vele studies hebben 
aangetoond dat de auditieve verwerking mogelijk ernstig gestoord is bij kinderen met 
spraak- en taalproblemen, ondanks de aanwezigheid van een normaal gehoor. In 
sommige gevallen verloopt de spraak- en taalontwikkeling inderdaad niet zo soepel, 
terwijl alle ‘voor de hand liggende’ redenen hiervoor zoals gehoorverlies, algehele 
ontwikkelingsproblemen of een psychiatrische stoornis uitgesloten zijn. Een APD zou 
dan de mogelijke oorzaak voor deze specifieke taalontwikkelingsstoornis (specific 
language impairment, SLI) kunnen zijn. Het is echter ook duidelijk dat niet alle SLI 
kinderen een (ernstige) APD hebben. Dit blijkt onder andere uit de prevalentiecijfers 
van APD, die met een geschatte 2 a 3% duidelijk lager zijn dan de prevalentiecijfers 
voor taalstoornissen, waarvoor afhankelijk van de ernst van de taalontwikkelings- 
achterstand cijfers tussen 1 en 15% worden gerapporteerd. Daarnaast betekent het 
samen voorkomen van auditieve verwerkingsproblemen en een taalstoornis niet 
automatisch dat er een causaal verband bestaat tussen beide. Men heeft ook 
gesuggereerd dat taalproblemen het gevolg kunnen zijn van inadequate verwerking van 
sensorische informatie gedurende de eerste kinderjaren, maar dat dit oorspronkelijke 
verwerkingsprobleem mogelijk niet langer aantoonbaar is als het kind ouder is. In dat 
geval mogen we aannemen dat de prevalentie van auditieve verwerkingsproblemen bij 
jonge SLI kinderen (veel) hoger zal zijn.
In hoofdstuk 1 wordt een kort overzicht van de geschiedenis van centraal auditief 
functie-onderzoek geschetst, beginnend bij de eerste experimenten met ‘corticale’ 
gehoortesten bij volwassenen met vastgestelde neurologische laesies in de 50-er jaren 
door Bocca en zijn collega’s, later gevolgd door studies bij kinderen met vermoede 
auditieve verwerkingsproblemen. De waarde van een testbatterij bij het in kaart brengen
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van de auditieve verwerking is herhaaldelijk benadrukt gezien de inherente 
heterogeniteit in de populatie die gezien wordt met auditieve verwerkingsproblemen. In 
de laatste 25 jaar zijn verschillende testbatterijen voorgesteld om te gebruiken bij de 
diagnose van auditieve verwerkingsproblemen bij kinderen. Het merendeel van deze 
testbatterijen bevat monaurale ‘laag-redundante’ spraaktesten, testen die binaurale 
aspecten van de auditieve verwerking in kaart brengen, temporele ordeningstesten en/of 
patroonherkenningstesten.
In dit proefschrift hebben we de hypotheses getoetst dat het auditieve systeem van zich 
normaal ontwikkelende kinderen een duidelijke rijping laat zien tot tenminste de leeftijd 
van 12 jaar en dat de ontwikkeling van auditieve verwerking in slechthorende kinderen 
en kinderen met een taalstoornis vaak vertraagd of in een subgroep van deze kinderen 
zelfs gestoord verloopt. Hieronder worden de bevindingen van de in dit proefschrift 
beschreven studies samengevat.
De studies
In hoofdstuk 2 wordt een studie beschreven waarin aspecten van binauraal horen in een 
groep van vijf 12-jarige kinderen, die tussen de leeftijd van 2 en 4 jaar langdurig 
overwegend eenzijdige otitis media met effusie (OME) hadden gehad, in kaart worden 
gebracht. De kinderen waren op geen enkel moment behandeld voor de OME. Alle 
kinderen hadden een normaal gehoor ten tijde van het onderzoek. We stelden vast dat 
zowel de auditieve hersenstamresponsies (auditory brainstem response, ABR) als de 
binaurale interactie component in de ABR van de kinderen vergelijkbaar waren met die van 
volwassenen. Een evidente suppressie van oto-akoestische emissies (transient evoked 
otoacoustic emissions, TEOAE) werd gevonden bij 4 van de 5 kinderen wanneer 
contralateraal ruis aangeboden werd. Het ‘masking level difference’ (MLD) van de 
kinderen bleek eveneens binnen het normale bereik van volwassenen te liggen. Deze 
resultaten ondersteunen de notie dat lange termijn auditieve verwerkingsproblemen kunnen 
ontstaan als gevolg van vroege asymmetrische OME in kinderen niet.
Hoofdstuk 3 rapporteert resultaten van slechthorende kinderen en kinderen met een 
taalstoornis op een spraak-in-ruis test die gebruikmaakt van zinsmateriaal. Het effect 
van tijdcompressie en tijdexpansie van spraak op de spraakperceptie in ruis werd 
onderzocht voor tien 9- tot 12-jaar oude kinderen in beide groepen. Hun resultaten 
werden vergeleken met een op leeftijd gematchte controlegroep van tien kinderen met 
een normaal gehoor en een normale taalontwikkeling en met een controlegroep van tien 
jong volwassenen. Voor alle tijdgecomprimeerde condities bleek dat zowel de 
slechthorende kinderen als de kinderen met een taalstoornis een significant hogere 
spraakherkenningsdrempel in ruis (speech recognition thresholds in noise, SRTn) 
hadden dan de kinderen uit de controlegroep, die nagenoeg dezelfde resultaten 
behaalden als de volwassenen. Tijdexpansie bleek een verwaarloosbaar effect te hebben 
op de SRTn voor alle groepen, vergeleken met de onbewerkte conditie. Het verschil in 
de SRTn tussen de controlegroepen en de twee groepen werd in het algemeen niet 
significant veranderd door de mate van tijdcompressie, alhoewel bij zowel de 
slechthorende kinderen als de kinderen met een taalstoornis wel een trend gevonden 
werd dat de spraakperceptie in ruis negatiever beïnvloed werd door tijdcompressie dan 
bij beide controlegroepen.
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Na deze eerste experimenten stelden we vast dat een meer gedifferentieerde set van 
auditieve testen nodig was om de auditieve verwerking bij kinderen te bestuderen. 
Hoofdstuk 4 beschrijft de ontwikkeling van een auditieve testbatterij voor Nederlandse 
kinderen en de resultaten van twintig 6-jarige kinderen met een specifieke taalstoornis 
op deze testen in vergelijking met een controlegroep van op leeftijd gematchte kinderen 
met een normaal gehoor en een normale talige en cognitieve ontwikkeling. De auditieve 
testbatterij in deze studie bestond uit een spraak-in-ruis test, een gefilterde spraaktest, 
een binaurale fusie test, een frequentiepatroonherkenningstest, een tijdsduurpatroon- 
herkenningstest, een temporele integratie test, een auditieve woorddiscriminatie test, 
een auditieve synthese test, een auditieve woordherkenningstest en een 
cijfergeheugentest. We vonden dat de 6-jarige SLI kinderen op vrijwel alle testen 
significant lagere scores behaalden dan de kinderen van de controlegroep. Of de 
ontwikkeling van de auditieve verwerking bij deze SLI kinderen vertraagd of gestoord 
was kon met deze studie niet goed vastgesteld worden, omdat data voor oudere en 
jongere kinderen niet beschikbaar waren. Veel van de basale auditieve testen in onze 
testbatterij correleerden significant met scores op receptieve en expressieve taaltesten, 
hetgeen een (causaal) verband suggereert tussen auditieve verwerking en 
taalvaardigheid. Discriminant analyses gaven nog geen aanleiding tot het verwijderen 
van testen uit de testbatterij, met de uitzondering van de auditieve synthese test en de 
temporele integratie test, waarvoor geen significante groepseffecten gevonden werden.
De groep kinderen met een normale talige en cognitieve ontwikkeling werd gevolgd in 
een longitudinale studie tot de leeftijd van 12 jaar (hoofdstuk 5). Deze groep van 20 
kinderen werd getest met de auditieve testbatterij op een leeftijd van 6, 7, 8, 10 en 12 
jaar. Op een leeftijd van 10 jaar waren er nog 17 kinderen, op een leeftijd van 12 jaar 
nog 16 kinderen in deze groep. Bij alle auditieve testen werd een duidelijk effect van de 
leeftijd van de kinderen op de testscores gevonden, met uitzondering van de spraak-in- 
ruis test. Onze gegevens suggereren dat rijpingseffecten een belangrijke rol spelen in de 
auditieve verwerking tot een leeftijd van (tenminste) 12-13 jaar. Correlaties tussen de 
testen wezen in het algemeen niet op een grote mate van overlap tussen de verschillende 
testen. Een factoranalyse liet zien dat drie factoren verantwoordelijk waren voor 68­
70% verklaarde variantie, met vergelijkbare bijdragen van alledrie de factoren. Eén 
factor had betrekking op spraakperceptie in ruis, één op de perceptie van gefilterde 
spraak en één op auditieve patroonherkenning.
In de periode dat de bovengenoemde longitudinale studie uitgevoerd werd werden ook 
aanvullende gegevens verzameld met dezelfde auditieve testbatterij bij een groep SLI 
kinderen, hetgeen resulteerde in een groep van 42 zes- tot acht-jarige SLI kinderen 
(hoofdstuk 6). Opnieuw constateerden we dat de SLI kinderen op vrijwel alle testen 
significant lagere scores behaalden dan de (op leeftijd gematchte) kinderen uit de 
controlegroep en dat de correlaties tussen de testen in het algemeen niet op een grote 
mate van overlap tussen de verschillende testen wezen. Een factoranalyse liet zien dat 
dezelfde drie factoren als gevonden bij de longitudinale studie verantwoordelijk waren 
voor 62% verklaarde variantie. Het feit dat de SLI kinderen duidelijk lagere scores 
behaalden dan de kinderen uit de controlegroep suggereert een vertraging of een 
stoornis in de ontwikkeling van auditieve vaardigheden bij deze SLI kinderen. Onze
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analyses lieten zien dat de SLI kinderen bij sommige testen op gelijke hoogte komen 
met hun leeftijdsgenootjes rond de leeftijd van 9 a 10 jaar. Ze bleken echter niet in staat 
om ‘het gat te sluiten’ bij de auditieve patroonherkenningstesten, hetgeen zou kunnen 
duiden op een zuiver, persisterend auditief temporeel verwerkingsprobleem.
De auditieve testbatterij in deze studies leverde normaalwaarden over de ontwikkeling 
van auditieve vaardigheden bij 6- tot 12-jarige kinderen en volwassenen. Gegevens bij 
jongere kinderen kunnen met deze testbatterij niet makkelijk verkregen worden gezien 
de aard van de gebruikte testen. Recent hebben we daarom een auditieve testbatterij 
ontwikkeld, die aangepast is aan het ontwikkelingsniveau van jongere kinderen, en de 
eerste resultaten verzameld bij 28 kinderen in de leeftijd van 4 tot 6 jaar (hoofdstuk 7). 
Deze testbatterij bestond uit een auditieve aandachtstest, een dichotische 
woordverstaanstest, een binaurale ‘masking level difference’ test, een auditieve 
woorddiscriminatietest, een ‘gap detection’ test en een test voor het fonemisch 
bewustzijn, de Lindamood Auditory Conceptualization test. We stelden vast dat deze 
testbatterij succesvol afgenomen kon worden bij kinderen van 4 jaar en ouder. De 
meeste testen lieten een duidelijk effect van de leeftijd zien; de grootste leeftijdseffecten 
werden gevonden voor de dichotische woordverstaanstest en de Lindamood Auditory 
Conceptualization test. De binaurale masking level difference test was de enige test 
waarvoor geen significant leeftijdseffect werd gevonden bij deze groep kinderen. De 
correlaties tussen subtesten waren in het algemeen behoorlijk hoog, hetgeen suggereert 
dat verschillende testen in deze testbatterij deels dezelfde auditieve vaardigheden 
meten.
Slotopmerkingen
Vanuit een klinisch standpunt hopen we dat het onderzoek in dit proefschrift de 
(vroege) diagnose van auditieve verwerkingsproblemen bij kinderen op (korte) termijn 
mogelijk maakt. Vroegtijdige interventie kan de negatieve effecten van een auditief 
verwerkingsprobleem op de taalontwikkeling en daarmee op de cognitieve 
ontwikkeling mogelijk voorkomen of in ieder geval verminderen. Op dit moment 
kunnen de auditieve testbatterijen die in dit proefschrift beschreven zijn reeds gezien 
worden als een waardevolle en welkome aanvulling op bestaande audiologische testen 
voor kinderen. Ze bieden de mogelijkheid om verschillende aspecten van 
spraakperceptie in kaart te brengen, die verdergaan dan de standaard spraakaudiometrie 
die gebruikt wordt in de huidige audiologische diagnostiek.
Voortbouwend op de resultaten die in dit proefschrift gepresenteerd zijn, zijn inmiddels 
verschillende initiatieven gestart om de auditieve verwerking in grotere groepen 
kinderen in Nederland te bestuderen. We hopen dat de resultaten van die studies het 
mogelijk zullen maken om een specifiekere classificatie van auditieve 
verwerkingsproblemen te bereiken, aangezien dit een gerichtere interventie mogelijk 
maakt.
In deze studies wordt meer aandacht gegeven aan mogelijke verschillen tussen jongens 
en meisjes. Hoewel wij in onze studies geen significante verschillen vonden tussen 
jongens en meisjes bleken de meisjes bij meerdere testen net iets betere resultaten te 
behalen. Discriminant analyses kunnen gebruikt worden om te bepalen welke 
(combinaties van) testen het meest geschikt zijn om normale kinderen te onderscheiden
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van kinderen met (vermoede) auditieve verwerkingsproblemen. Tot slot zou het van 
groot belang zijn om de effecten van een bijkomend conductief gehoorverlies, zoals 
vaak gevonden bij jonge kinderen met een taalstoornis, en van milde perceptieve 
gehoorverliezen op de uitslag van kinderen op een auditieve testbatterij in kaart te 
brengen.
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